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Alpha (α)- and beta (β)-thalassemia and fragile X syndrome (FXS) rank 
among the most common monogenic disorders globally. Affected pregnancies 
can be avoided through preimplantation genetic diagnosis (PGD). Currently, 
direct detection involves gap polymerase chain reaction (gap-PCR), mini-
sequencing, flanking PCR and other genotyping methods for detecting 
deletions, point mutations or expansions, respectively. Flanking polymorphic 
markers provide alternative indirect mutation detection through linkage 
analysis, or serve to corroborate direct mutation testing results to increase 
diagnostic accuracy. Currently, limited numbers of linked markers have been 
optimized and validated for PGD of these diseases. The paucity of available 
closely linked markers increases the likelihood of non-informativeness for 
some couples, and limits the utility of linkage-based PGD for these diseases. 
 
In this study, single cell diagnostic assays for α- and β-thalassemia and FXS 
have been developed and validated for PGD. We performed in silico mining to 
identify 24, 73 and 142 short tandem repeats (STRs) within 1 Mb on either 
end of the HBA, HBB and FMR1 loci, respectively. Markers with low 
heterozygosity values, polymorphism information content (PIC) values and/or 
few alleles after preliminary analysis were dropped, prior to large scale 
screening of 288-480 DNA samples. The 9-plex HBA STR set 
(0.68≤PIC≤0.92; 0.66≤Ho≤0.90; 10≤alleles≤35) can be further multiplexed 
with the Y1 box or HBA2 exonic fragment for simultaneous deletion/point 
mutation detection with linkage analysis, for either Hemoglobin Bart’s (Hb 
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Bart’s) hydrops fetalis syndrome or Hb H disease. Clinical application of the 
assay in seven clinical PGD cases results in two twin baby girls and a healthy 
baby girl in two cases. The 15-plex HBB STR set (0.70≤PIC≤0.89; 
0.72≤Ho≤0.88; 11≤alleles≤24) is further multiplexed with additional HBB 
exonic fragments to allow simultaneous thalassemia major mutation detection 
using mini-sequencing with linkage analysis. The 13-plex FMR1 STR set 
(0.29≤PIC≤0.86; 0.31≤Ho≤0.87; 6≤alleles≤22) together with the amelogenin 
gene fragment can be analyzed from single cell or in parallel with direct 
FMR1 CGG repeat expansion detection for FXS, using aliquots of whole 
genome amplification (WGA) product. All these single-tube multiplex PCR 
assays have been optimized for use on genomic DNA, single cells, as well as 
WGA products of single cells. These multiplex-microsatellite panels 
maximize the likelihood of multiple informative linked markers in most 
couples and reduce the need for mutation-specific customization. 
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Chapter 1: Introduction 
In this chapter, general background of Preimplantation genetic diagnosis (PGD) 
will be discussed, followed by thalassemia syndromes and Fragile X syndrome 
(FXS). More attention will be given to current molecular diagnostic 
approaches in PGD for these diseases. 
 
1.1. Preimplantation genetic diagnosis (PGD) 
1.1.1. Background 
Since the first baby at the embryo stage selected to be free from a genetic 
disorder was born in 1990[1], PGD has opened up new possibilities of 
avoiding affected pregnancies for at-risk couples. Through genetic analysis of 
preimplantation stage embryos derived from in vitro fertilization (IVF), only 
embryos diagnosed as free of the disease will be selectively transferred for 
implantation. It is an alternative to prenatal diagnosis (PND) but has the great 
advantage over PND in avoiding pregnancy termination since diagnosis is 
performed before implantation. It helps at-risk couples to conceive children 
who are free of inherited disease right from the outset. Among these inherited 
genetic disorders, thalassemia syndromes and FXS are among the most 
common indications in PGD[2]. They are three of the most widespread 
disorders which may cause severe symptoms and no efficient treatment is 
available so far. Hence, PGD for these diseases are extremely crucial. 
 
There are three possible stages from which to obtain biopsied cells. Polar body 
(PB) biopsy provides more time for diagnosis, but can only reflect the 
maternal information. Blastomere biopsy is normally carried out on day 3 after 
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fertilization with 6-8 cells. One or two cells will be removed from each 
embryo for testing, and selected embryos will be transferred on day 4 or 5. 
One major limitation is that it may harm embryonic implantation potential[3, 
4]. Another limitation is the high level of chromosomal mosaicism, which has 
been reported to affect around 60% of embryos at cleavage stage[5]. In 
contrast, blastocyst biopsy seems to be safer than blastomere biopsy, and is 
being used increasingly. It removes 5-10 cells from trophectoderm (TE) at 
blastocyst stage on day 5, and thus renders more cells to be tested than 
blastomere biopsy with lower chromosomal mosaicism rate[6, 7]. However, 
selected embryos need to be transferred no later than day 6; thus the period for 
analysis of blastocyst biopsied cells is limited. Although freezing biopsied 
embryos[8, 9] for transfer in the next cycle period have been used successfully 
in IVF, blastomere biopsy remains the most prevalent biopsy method. 
 
PGD is normally performed on one to several cells, thus rendering existing 
diagnostic assays developed on genomic DNA (gDNA) not suitable for PGD. 
To address this problem, whole genome amplification (WGA) is used to 
generate enough amount of biopsied DNA for testing. WGA was first 
introduced in 1992[10, 11], based on polymerase extension of random priming 
primers. Since then, it has been widely used in PGD. Primer extension 
preamplification (PEP) and degenerate oligonucleotide primed PCR (DOP-
PCR) are two main PCR-based methods. Multiple displacement amplification 
(MDA)[12, 13] is more popular in PGD due to its high efficiency and 
accuracy[14]. Relying on φ29 DNA polymerase and hexamer primers, MDA 
allows highly uniform amplification of DNA. However, the high rates of allele 
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drop-out (ADO) and preferential amplification (PA) may compromise the 
utility of MDA in PGD[14, 15]. 
 
Besides WGA, various PGD assays have been developed with the ability to 
analyze single cells[16, 17]. However, PGD remains technically challenging, 
as well as time-consuming and labor intensive. Techniques used in PGD 
should be sensitive and robust enough to obtain an accurate and reliable result 
from one or several single cells. Current PGD in the clinical practice involves 
fluorescent in situ hybridization (FISH)[18] or arrays[19-21] for chromosomal 
abnormalities, and PCR-based molecular techniques for inherited monogenic 
disorders[22] which has achieved optimistic results over the two decades[2, 23, 
24]. Current PCR-based molecular approaches used in PGD can be divided 
into direct detection and indirect detection methods. Techniques such as gap-
PCR, real-time PCR, mini-sequencing, high resolution melting (HRM) 
analysis and sequencing have been proposed for direct mutation detection. 
They are able to distinguish between normal and mutant alleles, determine the 
mutation type, and are more specific. But due to their specificity, current PGD 
using direct detection methods is limited by the requirement for family-
specific assays. In contrast, indirect diagnosis cannot determine the mutation 
type but it is possible to infer whether the embryo has inherited the mutant 
allele by linkage analysis, using restriction fragment length polymorphism 
(RFLP), short tandem repeats (STR) and single nucleotide polymorphism 
(SNP) analysis. It is particularly useful for unidentified mutations or large 
deletions/insertions/inversions. In theory, it should work for any couple with 
any mutation within the same gene. Linkage analysis by STR, also known as 
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preimplantation genetic haplotyping (PGH)[25], has been widely used in PGD. 
The major merit is its usefulness when the causative gene is known but the 
mutation is unknown or when mutation detection is a challenge. STRs are also 
useful for monitoring external contamination and ADO. However, current 
linkage-based PGD assays suffer from some limitations. Uninformative 
markers or insufficient available family samples may hinder the establishment 
of haplotype phase. Moreover, markers used for linkage analysis should 
closely flank both sides of the mutation to minimize recombination events. 
Furthermore, there is no systematic protocol to identify linkage markers and 
develop linkage-based PGD assays, which could help to improve the 
efficiency of diagnosis. As various factors may lead to misdiagnosis[26], 
performing direct detection together with indirect linkage may help to increase 
the accuracy of diagnosis. 
 
1.1.2. Challenges in PGD 
1.1.2.1. Limited quantity of biopsied material 
Currently, the major challenge of PGD is the limited starting material. In most 
cases, two cells would be obtained through blastomere biopsy for PGD and 
each cell only contains 6 pg genomic DNA and a single copy of each allele of 
each gene. Due to the insufficient material, PGD-specific assays are required. 
 
One way to overcome the problem of single molecule detection is to improve 
the efficiency and sensitivity of amplification. As Findlay et al.[27] points out, 
fluorescent PCR is more sensitive and accurate for detecting alleles in single 
cell PCR, and has been used as a gold standard in PGD of monogenic 
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disorders. Multiplex PCR protocols also have been reported to be more 
sensitive than individual PCR protocols[28]. Another way is to use WGA to 
generate sufficient DNA template for subsequent analysis[29]. 
 
1.1.2.2. Time restriction 
Another major challenge of PGD is the time restriction, and the turnaround 
time is crucial for PGD assays. Pre-optimized and validated single cell assays 
could significantly improve the efficiency of diagnosis, especially for diseases 
with mostly private mutations. 
 
1.1.2.3. Misdiagnosis 
Several misdiagnoses have been reported by the European Society for Human 
Reproduction and Embryology (ESHRE) PGD Consortium recently[2]. ADO 
is one of the major causes of misdiagnosis in PGD, which is an inherent pitfall 
of single cell PCR as well as WGA. Amplification failure refers to the total 
absence of target alleles, and ADO refers to the situation that only one of two 
expected target alleles is present. ADO occurs randomly and may be due to 
unequal amplification efficiency between two alleles. As a result, optimization 
and validation are crucial for PGD assays. Several studies have been carried 
out aiming to minimize the chance of ADO. Ray et al.[30, 31] proposed to 
increase the denaturation temperature if possible. A more comprehensive 
study[32] was carried out to investigate various factors that may affect ADO. 
It was found that cells lysed with either proteinase K or alkaline buffers, 
shorter amplicon size and longer denaturation times reduced the ADO rate 
significantly. Besides condition optimization, another efficient way to 
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minimize misdiagnosis caused by ADO is to include internal controls such as 
STRs. The ESHRE PGD Consortium[22] has recommended the inclusion of 
STR markers into all PCR-based protocols to monitor for ADO. 
 
Contamination is another major risk of misdiagnosis in PGD. Single cell PCR 
is very sensitive to contamination due to the high cycle number required to 
generate sufficient products. Similarly, contamination can be detected by 
STR/microsatellite markers. 
 
1.1.3. Ethical issues 
Ethical issues have been raised with the development of PGD. The debate 
associated with performing PGD has never been stopped. It mainly focuses on 
the moral status of the human embryo and the definition of severe genetic 
disease[33].   
 
Traditionally, there are three options about the moral status of human 
embryo[34, 35]. Someone regards embryo as a collection of cells without 
moral status. There are significantly differences between an embryo and a 
fetus at 12 weeks of age with body shape and major organ systems. Someone 
argues that an embryo has the full status of a human being. Life starts when 
the fertilization occurs, and thus an embryo should be considered as a part of 





PGD was first introduced to select embryos without severe genetic diseases. 
However, it has been used for some other indications. Among these 
indications, social sex selection[36, 37], late-onset diseases[38, 39], ‘low 
penetrance’ syndromes[40] and ‘saviour siblings’[41, 42] have caused the 
most common controversy recently. The sex of an embryo can be easily 
determined and PGD has selected embryo of certain sex for sex-linked 
disorders. The sex selection for social reason is banned in many countries, 
because it may cause the imbalance of the sex ratio. In addition, some people 
think it is sexist. On the other hand, some people argue that it is the couple’s 
right to make reproductive choice. Late-onset diseases, such as Huntington’s 
disease, are serious or incurable genetic conditions and won’t manifest until 
adulthood. Opponents think it is unethical to discard affected embryos as they 
could develop into individuals with healthy condition until the onset of the 
disease. Also, a cure may be found during disease-free decades. Proponents 
think the complete penetrance and incurable nature of these disorders will 
affect the quality of life and lead to a premature death. Another controversial 
application of PGD is ‘low penetrance’ syndromes. Take the breast cancer 
mutation BRCA1 as an example, some argue that individual with BRCA1 does 
not always result in breast cancer and embryo with this mutation may lead 
fulfilling life without developing the disease. In addition, preventive measures 
such as mastectomy are available. On the other side, some point out that the 
BRCA1 is associated with an 80% risk of breast cancer whose incidence is 
very high. Also, although breast cancer is treatable, a possible future illness 
can lead to a decrease in quality of life and the surgery is expensive. ‘Saviour 
siblings’ is a child born to provide cord-blood stem cell to his or her sick 
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sibling. The main argument is about the welfare of the child. Someone think 
the child is born as an instrument which is unfair and unethical. Others argue 
that although the child is selected as a donor, he or she is also a loved 
individual within the family.  
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1.2. Thalassemia syndromes 
The thalassemia syndromes[43] are a family of inherited autosomal recessive 
genetic disorders characterized by a reduced rate of production of one or more 
globin subunits of hemoglobin (Hb) in red blood cells (RBCs), resulting in 
varying degrees of anemia. Hemoglobin exists in RBCs as iron-containing 
oxygen-transporters. The major fetal hemoglobin is HbF (α2γ2), while 97% of 
normal adult hemoglobin is HbA (α2β2)[44]. Depending on the globin gene(s) 
involved, thalassemia can be grouped into α, β, γ, δ, δβ and εγδβ varieties[43]. 
Among them, α- and β-thalassemia are the commonest forms of thalassemia. 
They are found most frequently in the Mediterranean, Africa, Western and 
Southeast Asia with an estimated 60,000 affected births each year[45] and a 
global population carrier frequency of 1.7%[46, 47]. Regional difference in 
prevalence of the thalassemia syndromes is thought to be caused by a selective 





Alpha-thalassemia is characterized by absence or reduced synthesis of α-
globin chains resulting from mutations in the α-globin gene cluster located on 
chromosome 16, with an estimated 14,000 affected births each year[49, 50]. 
The mutations results in imbalanced globin synthesis, therefore there is an 
excess of γ chains in fetus and β chains in adult. The excess γ and β chains 
form unstable tetramers, which are known as Hemoglobin Bart’s (Hb Bart’s; 
γ4) and Hemoglobin H (HbH; β4) respectively. Both Hb Bart’s (γ4) and HbH 
(β4) have high oxygen affinity and oxygen cannot dissociate from these 
tetramers efficiently, and thus tissues have insufficient amounts of oxygen, 
causing hypoxia. The unstable HbH will also form intracellular precipitates. 
When HbH present in erythroid cells, they may cause early erythroid cell 
death and ineffective erythropoiesis. When they present in mature RBCs, they 
may damage RBCs, leading to hemolysis and anemia[51]. 
 
Each chromosome contains two α-globin genes (α1/HBA1 and α2/HBA2) in 
cis and normal individuals have 4 α-globin genes (αα/αα). Notably, most α-
thalassemias (95%) involve deletion (-) of one or both α-globin genes in cis, 
whereas non-deletional mutations within the α-globin genes (αT) are much less 
frequent[52]. Alleles can be classified into α, α+ and α0, indicating normal, 
reduced and absent output of α-globin synthesis respectively[53]. The ratio of 
α1 to α2 gene expression is approximately 1:3. As a result, deletional or non-
deletional mutations involving α2 normally have more severe clinical 
symptoms than the ones related to α1. Currently, the most common Southeast 
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Asian single-gene deletions are -α3.7 and -α4.2, while -α3.7 is prevalent within 
the Mediterranean[43]. The most common Southeast Asian α0-thalassemia 
deletions are --SEA, followed by --FIL and --THAI, while --MED and -(α)20.5 are 
prevalent within the Mediterranean. It has been estimated that the carrier 
frequency of the --SEA deletion in Southeast Asia ranges from 3.5 to 14%[54]. -
-SA is the most common determinant causing Hb H disease in India. Non-
deletional mutations αCS (TER, T→C), αSD (CD109, T→G), αQS (CD125, 
T→C), αAdana (CD59, G→A), αIN (-A) and αCD30 (CD30, -GAG) have also 
been reported in Southeast Asia[43, 55, 56]. 
 
Based on the number of α-globin genes involved, there are 4 groups of α-
thalassemia generally. Individuals with three functional α-globin genes (α+-
thalassemia trait) are silent carriers and have no clinical symptoms. Those with 
two functional α-globin genes (α0-thalassemia trait) have minor α-thalassemia, 
as well as microcytic anemia and hypochromic red cells. Typically, medical 
care is not required for α+-thalassemia trait and α0-thalassemia trait. 
 
Hemoglobin H disease (Hb H disease) is normally characterized by loss of 
three functional α-globin genes. Common clinical symptoms of Hb H disease 
involves microcytic anemia, splenomegaly and iron overload[51]. Patients 
normally require constant medical treatment and regular blood transfusion. 
Very often, bone marrow transplant is necessary to prolong life.  
 
Hb Bart’s hydrops fetalis syndrome[52, 54] is caused by the absence of all 4 
functional α-globin genes with an estimated 5,200 affected births each 
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year[50]. It is the most prevalent and severe form of α-thalassemia in 
Southeast Asia and the Mediterranean, accounting for almost 90% of all cases 
of hydrops fetalis in Southeast Asia[52]. Carrier couples have a 25% risk of 
conceiving an affected child in each pregnancy. Affected pregnancies not only 
lead to fetal demise in utero or shortly after birth, but are also associated with 
maternal complications such as eclampsia and post-partum complications[56]. 
 
Hydrops fetalis due to non-deletional mutations [51, 56] also has been 
reported (Table 1-1), which seems like a transition between Hb H disease and 
Hb Bart’s hydrops fetalis syndrome. Approximately 50% of the affected 
infants die at birth, while others require blood transfusions[56]. The reason of 
this phenomenon remains unclear. Carrier couples have a 25-50% risk of 




Table 1-1. Reported hydrops fetalis due to non-deletional mutations 
Year Genotypes Affected gene Mutation Reference 
1975 ND ND ND Halbrecht et al.[57] 
1979 ND ND ND Sharma et al.[58] 
1985 --/αTα ND ND Chan et al.[59] 
1988 --/αTα ND ND Chan et al.[60] 
1991 --SEA/αTα ND ND Ko et al.[61] 
1993 --MED I/αCD29α  α2, Exon I CD29;T→C (Agrinio) Hall et al.[62] 
1997 --Tot/αΔ30α α2, Exon I CD30; 3 bp del Chan et al.[63] 
1997 --SEA/αCD59α α2,Exon II CD59;G→A (Adana) Chan et al.[63] 
1999 --SEA/αTα ND ND Fung et al.[64] 
2001 --FIL/αCD35α α2,Exon II CD35;T→C Lorey et al.[65] 
2001 --SEA/αCD59α α2,Exon II CD59;G→A (Adana) Lorey et al.[65] 
2001 --SEA/αCD66α α2,Exon II CD66;T→C (Dartmouth) McBride et al.[66] 
2001 --FIL/αCD35α α2,Exon II CD35;T→C Lorey et al.[67] 
2001  αPA;del2bp/ αPA;del2bp α2,Poly(A) PA; 2 bp del (AATAAA→AATA) Laosombat et al.[68] 
2002 --MED/αTSaudiα α2,Poly(A) PA; 6 A→G Viprakasit et al.[69] 
2002 --MED/αTSaudiα α2,Poly(A) PA; 6 A→G Traeger-Synodinos et al.[70] 
2004 αΔ38/39α/αΔ38/39α α1,Exon II CD38/39; 3 bp del; (Taybe) Arnon et al.[71] 
2005 --SEA/αCD125α α2,Exon III CD125;T→C (Quong Sze) Li et al.[72] 
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2006 αCSα/αCSα α2,Termination codon TER;T→C (Constant Spring) Charoenkwan et al.[73] 
2006  αPA;del2bp/ αPA;del2bp α2,Poly(A) PA; 2 bp del (AATAAA→AATA) Henderson et al.[74] 
2007 --FIL/αCD35α α2,Exon II CD35;T→C Waye et al.[75] 
2008 --FIL/αCD59α α2,Exon II CD59;G→A (Adana) Henderson et al.[76] 
2012 --MED I/αCD29α  α2, Exon I CD29;T→C (Agrinio) Destouni et al.[77] 
ND indicates not determined. 
15 
 
1.3.2. Molecular diagnosis of α-thalassemia in PGD 
Alpha-thalassemia affected pregnancies can be avoided through PGD (Table 
1-2). As Hb Bart’s hydrops fetalis syndrome is the most severe form of α-
thalassemia, and the carrier frequency of the --SEA deletion is high, current 
PGD tests for α-thalassemia mainly focus on Hb Bart’s hydrops fetalis 
syndrome caused by homozygosity of this deletion, commonly using gap-PCR 
or intra-deletion microsatellite markers, coupled with/without flanking linked 
markers. PGD of Hb H disease also has been reported[77, 78].  
 
Table 1-2. Reported clinical PGD of α-thalassemia 
Years Couple(s) at-risk Technique Reference 
2005 --/-α & --/αα Gap-PCR, STR Kuliev et al.[78] 
2006 --SEA/αα & --SEA/αα Gap-PCR Deng et al.[79] 
2006 --/αα & --/αα Gap-PCR Chan et al.[80] 
2009 --SEA/αα & --SEA/αα Gap-PCR Xu et al.[81] 
2009 --SEA/αα & --SEA/αα Gap-PCR Yap et al.[82] 
2010 --SEA/αα & --SEA/αα STR Wang et al.[83] 
2011 --SEA/αα & --SEA/αα Gap-PCR Shen et al.[84] 
2011 --/-α & --/αα Gap-PCR, STR Kuliev et al.[85] 
2012 --SEA/αα & --SEA/αα Gap-PCR, STR Piyamongkol et al.[86] 
2012 --
MED I/αα & αCD29α/αα;  --MED 
I/αα & αPA4α/αα STR Destouni et al.[77] 
2013 NA Gap-PCR Shen et al.[87] 
NA indicates not available. 
 
1.3.2.1. Gap-PCR 
Gap-PCR uses opposing primers to amplify across specific defined deletion 
junctions and only deleted allele will show the expected amplicon as the 




Early preliminary studies[88, 89] showed the feasibility of using gap-PCR to 
detect --SEA from single blastomeres. In 2005, Kuliev et al.[78] (Table 1-2) 
reported the first unaffected pregnancy of PGD for deletional α-thalassemia 
using gap-PCR and flanking linked markers. Subsequent reports[79-82, 84-87] 
(Table 1-2) further verified the utility of gap-PCR for α-thalassemia in PGD as 
well as provide a better understanding of its performance. However, a major 
limitation in these assays is that specific primer pairs are required for each 
type of deletion. This causes inefficiency in applying gap-PCR to couples with 
different deletions. Besides, duplex gap-PCR assay design may be 
complicated by the high GC-content and sequence homology between the two 
α-globin genes. Although several multiplex gap-PCR assays have been 
developed to detect different deletions[90-92], their use in single cell 
diagnostics has not yet been demonstrated. 
 
1.3.2.2. Microsatellite analysis 
Also known as microsatellites, short tandem repeats or STRs are highly 
polymorphic segments of DNA, consisting of 2-6 base pair (bp) repeat 
sequences. They will segregate in tandem with closely located genes of 
interest following meiosis. As a result, they are normally used for linkage 
analysis as an indirect means of mutation detection. They are also highly 
polymorphic and are thus useful in detecting exogenous DNA contamination 
in a test sample. A large number of clinical PGD cycles have been carried out 
using microsatellite markers for linkage analysis[93], suggesting that 




Microsatellites have also been employed in α-thalassemia PGD (Table 1-2). In 
2007, Ho et al.[94] proposed two intra-deletion microsatellite markers 
(16PTEL05 and 16PTEL06) as an alternative strategy for the detection of 
common α0-thalassemia deletions. It provided the important insight that STRs 
could also serve as a direct mutation detection tool and extends the utility of 
microsatellite markers. This strategy was subsequently successfully applied to 
clinical PGD of Hb Bart’s hydrops fetalis syndrome and Hb H disease (Table 
1-2). Thus far, very few markers closely linked to the α-globin gene cluster 
have been reported or used in α-thalassemia PGD (Table 1-3). Except for five 
markers, the rest are all located more than 1 Mb away from the α-globin gene 
cluster. For markers to be useful in indirect linkage based disease diagnosis, 
they should lies as close to the mutation as possible, to minimize the 






Table 1-3. Reported STRs for α-thalassemia detection in PGD 
Microsatellite  Location†  Relative position to the α-globin genes Reference 
D16S521 94315-94341 5' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95] 
16PTEL03/D16S3399 145317-145383 5' flanking marker Kuliev et al., 2005[78]; Destouni et al., 2012[77] 
16PTEL05/D16S3400 220784-220861 5' flanking marker Wang et al., 2010[83]; Destouni et al., 2012[77] 
16PTEL06/D16S3401 231982-232003 3' flanking marker Wang et al., 2010[83] 
HBA876 876415-876455 3' flanking marker Destouni et al., 2012[77] 
D16S3024 1654203-1654532 3' flanking marker Kuliev et al., 2005[78], 2011[85] 
D16S3395 2001547-2001904 3' flanking marker Rechitsky et al.,2006[95] 
D16S291 2339890-2340049 3' flanking marker Rechitsky et al.,2006[95] 
D16S3082 3117144-3117403 3' flanking marker Rechitsky et al.,2006[95] 
D16S475 3470330-3470736 3' flanking marker Piyamongkol et al., 2012[86] 
D16S3134 5224461-5224690 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95] 
D16S423 6043141-6043469 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95] 
D16S3021 65285164-65285499 3' flanking marker Kuliev et al., 2005[78], 2011[85] 
D16S539 86386034-86386428 3' flanking marker Hellani et al., 2005[96]; Wang et al., 2010[83] 
D16S520 86516112-86516335 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95] 
†Distance in base pairs (bp) from chromosome 16p-telomere based on the GRCh37/hg19 assembly built (UCSC). 
Highlighted markers lie within 1 Mb of the α-globin gene cluster. 
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1.4. Beta-thalassemia  
1.4.1. Background 
Beta-thalassemia is caused by defects within the β-globin gene located on 
chromosome 11, with around 1.2 million carriers world widely[45]. The 
mutations result in decreased β-globin chain production, leading to imbalanced 
globin synthesis and an excess of α chains which bind with γ chains to form 
HbF (α2γ2). HbF has high oxygen affinity and oxygen cannot dissociate from 
HbF efficiently, and thus tissues have insufficient amounts of oxygen, causing 
hypoxia. The excess unbound α-globin chains will also precipitate and form 
inclusion bodies that associate with RBC membranes, causing membrane 
damage and shortened cell survival, as well as large scale destruction of 
precursor cells in the bone marrow. 
 
In contrast to α-thalassemia, deletional β-thalassemia is relatively uncommon 
while more than 200 non-deletional mutations have been described[97]. The 
disease severity depends on the nature of the mutation. A β symbol indicates a 
normal allele, β+ indicates mutant allele causing decreased formation of β-
globin chains, and β0 indicates mutant allele causing complete loss of β-globin 
chain production. The most common Southeast Asian mutations are IVSI 5 
(G→C), CD41/42 (-TTCT) and IVSI 1 (G→T), followed by -29 (A→G), 
CD16 (-C) and IVSII 654 (C→T)[43, 98]. 
 
Disease phenotypes can be grouped into β-thalassemia minor, β-thalassemia 
intermedia and β-thalassemia major. People with β-thalassemia minor are 
generally asymptomatic or have mild anemia, and medical care is not 
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necessary. Clinical symptoms of β-thalassemia intermedia vary from moderate 
to severe anemia with a series of complications. Patients may require 
periodical blood transfusion. The worst situation is β-thalassemia major, in 
which synthesis from both genes is absent or greatly reduced, with an global 
estimated 23,000 affected births each year[50]. Constant medical treatment 
and regular blood transfusion are needed for β-thalassemia major patients and 
bone marrow transplant may prolong their life. 
 
1.4.2. Molecular diagnosis of β-thalassemia in PGD 
Compared to α-thalassemia, various diagnostic assays have been developed 
for β-thalassemia in PGD. Generally, they can be subdivided into direct 
detection and indirect detection methods. 
 
1.4.2.1. Direct detection 
Common direct detection methods include denaturing gradient gel 
electrophoresis (DGGE), reverse dot blot (RDB), real-time PCR, mini-
sequencing and amplification refractory mutation system (ARMS)-PCR. 
 
The earliest PGD of β-thalassemia were carried out using DGGE[99-101] 
which discriminates between normal and mutant alleles on the basis of their 
differential melt temperatures. It is generally used as a method to screen for 
unknown mutations, but the procedure is fairly labor-intensive and time-
consuming. RDB has also been used for β-thalassemia PGD[102, 103]. It 
involves the use of allele-specific oligonucleotide probes that are immobilized 
on a membrane, to which amplified DNA from the test sample are hybridized 
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and detected. Like DGGE, this method is labor-intensive and time-consuming. 
Both DGGE and RDB have been replaced gradually by other simpler methods 
such as mini-sequencing. 
 
Real-time PCR using fluorescence resonance energy transfer (FRET) probe 
has also been applied to PGD successfully[104-106]. FRET probes consist of a 
pair of adjacently-annealing oligonucleotides (donor and acceptor), each 
labeled with a different fluorophore. When the two probes bind to the target, 
the close proximity of the fluorophores (1-5 bases apart), allows the energy 
emitted from the first fluorophore to be transferred to the second fluorophore. 
The excitation of the second fluorophore causes it to emit fluorescence at a 
wavelength that is then detected, thus signaling detection of the specific allele. 
Major shortcomings of this approach are the high cost of FRET probes, the 
need to customize assays to each mutation, and the limited multiplexing 
options due to limited fluorophore options. 
 
More recently, mini-sequencing[107-110] and ARMS-PCR[111, 112] assays 
have been developed and widely used in PGD for β-thalassemia. Mini-
sequencing is based on the extension of oligonucleotide primers by a single 
dideoxyadenosine triphosphate (ddNTP) at the mutation site, with each ddNTP 
tagged to a different fluorophore, such that the incorporated nucleotide (and 
thus presence/absence of mutation) can be determined based on the detected 
fluorescence color. ARMS-PCR is based on the selective annealing of 
mutation-specific primers to the appropriate alleles, and consequent fragment 
amplification and detection. Both of them are capable of identifying any 
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known point mutations in DNA and detecting several mutations in a single 
reaction[107]. They are simple and rapid, and amenable to multiplex PCR. 
 
1.4.2.2. Indirect detection 
Preferential amplification (PA) and allele drop-out (ADO)[113] may occur 
during PCR amplification in direct mutation detection, leading to misdiagnosis 
in PGD. In order to overcome this shortcoming, STRs were initially 
introduced to detect possible misdiagnosis caused by PA, ADO or 
contamination[96, 114-119], while direct detection techniques remained the 
major detection methods. A subsequent study demonstrated the potential use 
of STR markers for linkage analysis in PGD[89]. Recently, several linkage-
based PGD assays have been developed and applied to clinical PGD[78, 85, 
95, 120-130] (Table 1-4). These studies demonstrate the robustness of 
microsatellite markers for linkage analysis, as well as for monitoring ADO and 
contamination. However, there remains much room for improvement to 
current assays. Microsatellite markers in most published assays are not 
optimized for analysis in a single reaction, which make the assays time-
consuming and labor-intensive. So far, up to seven microsatellite markers have 
been optimized into a multiplex PCR reaction for PGD. However, some 
markers in these assays are located too far from the β-globin gene, which may 
lead to high instances of recombination between mutation site and marker and 





Table 1-4. Reported STRs for β-thalassemia detection in PGD 
Microsatellite* Location†  Relative  position to the β-globin gene Reference 
HUMTH01 2192277-2192522 5' flanking marker 
Kuliev et al., 1998[115], 1999[116]; Verlinsky et al., 1999[117]; Rechitsky et al., 
1999[131], 2001[128]; Fiorentino et al.,2004[118]; Monni et al.,2004[119]; Hellani et al., 
2005[96]; Wang et al., 2010[83]; Shen et al., 2011[84]; Kahraman et al., 2011[130] 
D11S4146 3742089-3742435 5' flanking marker Fiorentino et al., 2005[120], 2006[121], 2008[129]; Kahraman et al., 2011[130]; Figueira et al., 2012[123]; Milachich et al., 2013[125] 
D11S988 4539883-4539929 5' flanking marker Fiorentino et al., 2005[120], 2006[121], 2008[129]; Kahraman et al., 2011[130]; Milachich et al., 2013[125] 
D11S1758 4736130-4736188 5' flanking marker Milachich et al., 2013[125] 
D11S4181 4768062-4768107 5' flanking marker Fiorentino et al., 2005[120], 2006[121], 2008[129]; Kahraman et al., 2011[130]; Fernández et al., 2013[124]; Milachich et al., 2013[125] 
D11S2362 4912210-4912256 5' flanking marker Zachaki et al., 2011[122]; Milachich et al., 2013[125]; Kakourou et al., 2014[126] 
D11S2351 4920040-4920106 5' flanking marker Fernández et al., 2013[124] 
D11S1243 5108987-5109029 5' flanking marker Zachaki et al., 2011[122]; Kakourou et al., 2014[126] 
D11S1871 5127029-5127090 5' flanking marker Zachaki et al., 2011[122]; Fernández et al., 2013[124]; Milachich et al., 2013[125]; Kakourou et al., 2014[126] 
D11S2352 5171444-5171479 5' flanking marker Zachaki et al., 2011[122]; Kakourou et al., 2014[126] 
D11SZ1 5205514-5205618 5' flanking marker Zachaki et al., 2011[122]; Kakourou et al., 2014[126] 
BRAS 5248818-5248841 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95]; Milachich et al., 2013[125] 
HPFH 5249689-5249736 3' flanking marker Rechitsky et al. 2004[127], 2006[95]; Kuliev et al., 2005[78], 2011[85]; Kahraman et al., 2011[130]; Milachich et al., 2013[125] 
D11S4891 5250924-5251028 3' flanking marker Kuliev et al., 2005[78], 2011[85];  Zachaki et al., 2011[122]; Fernández et al., 2013[124]; Kakourou et al., 2014[126] 
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BTG N.A 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2004[127], 2006[95]; Kahraman et al., 2011[130]; Milachich et al., 2013[125] 
BSTR N.A 3' flanking marker Rechitsky et al.,2004[127], 2006[95]; Kuliev et al., 2005[78], 2011[85]; Kahraman et al., 2011[130]; Milachich et al., 2013[125] 
D11SZ2 5322045-5322082 3' flanking marker Zachaki et al., 2011[122]; Kakourou et al., 2014[126] 
D11S1760 5384468-5384516 3' flanking marker 
Fiorentino et al., 2005[120], 2006[121], 2008[129]; Zachaki et al., 2011[122]; Kahraman et 
al., 2011[130]; Figueira et al., 2012[123]; Fernández et al., 2013[124]; Milachich et al., 
2013[125]; Kakourou et al., 2014[126] 
D11S1338 5988124-5988152 3' flanking marker 
Fiorentino et al., 2005[120], 2006[121], 2008[129]; Kuliev et al., 2005[78], 2011[85]; 
Rechitsky et al.,2006[95]; Kahraman et al., 2011[130]; Fernández et al., 2013[124]; 
Milachich et al., 2013[125] 
D11S1241 6120731-6120817 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Rechitsky et al.,2006[95] 
D11S1323 6276605-6276929 3' flanking marker Kuliev et al., 2005[78], 2011[85]; Milachich et al., 2013[125] 
D11S1997 6358085-6358342 3' flanking marker Rechitsky et al.,2004[127]; Kuliev et al., 2005[78], 2011[85]; Fiorentino et al., 2006[121]; Kahraman et al., 2011[130]; Figueira et al., 2012[123]; Milachich et al., 2013[125] 
D11S1331 7292011-7292350 3' flanking marker Fiorentino et al., 2006[121], 2008[129] 
D11S4149 9129910-9130302 3' flanking marker Fiorentino et al., 2006[121]; Figueira et al., 2012[123] 
D11S4148 39179658-39180022 3' flanking marker Fiorentino et al., 2005[120]; Figueira et al., 2012[123] 
*Reported microsatellite markers were named as their published names. 
†Distance in base pairs (bp) from chromosome 11p-telomere based on the GRCh37/hg19 assembly built (UCSC). 
NA indicates not available. 
Highlighted microsatellite markers lie within 1 Mb of the β-globin gene cluster. 
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1.5. Fragile X syndrome 
1.5.1. Background 
Fragile X syndrome (FXS) is the most common inherited mental retardation 
disorder, with an estimated frequency of 1:3600 in males and 1:4000-6000 in 
female worldwide[132]. It is largely caused by hyperexpansion and 
hypermethylation of a polymorphic CGG triplet in the 5’ untranslated region 
of X-linked Fragile X Mental Retardation 1 (FMR1) gene on chromosome 
Xq27.3[133], resulting in transcriptional silencing of the gene[134]. It is also 
the leading cause of inherited intellectual disability in boys. As FXS is an X-
linked disorder, males with a full mutation almost always display symptoms of 
FXS, while females with a full mutation normally have milder phenotype 
because of the presence of a second normal allele. So far, there is no effective 
cure for FXS. 
 
Most FMR1 gene mutations involve expansions of a polymorphic stretch of 
CGG repeats[134, 135]. Generally, longer repeats are associated with earlier 
age of onset and more severe phenotypes. There are 4 groups of alleles 
according to the number of repeats present[136]. Unaffected/normal 
individuals (NL) carry alleles ranging from 6 to 44 repeats, which will be 
stably transmitted from generation to generation. Alleles with 45 to 54 repeats 
are classified as intermediate or gray zone (GZ). Carriers are not known to be 
at risk for any clinical disorders. Although gray zone alleles are associated 
with some degree of size instability, they are more stable than premutation 
alleles (PM), which range from 55 to 200 repeats. PM alleles are meiotically 
unstable and may expand to full mutations within one generation. Expansion 
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often occurs in female transmission but is rare in male meiosis[137], and the 
probability of expansion increases with the length of the PM allele[138]. 
These alleles have also been associated with high transcript but low peptide 
levels. Around 40 % male and 8% female PM carriers are at risk for fragile X-
associated tremor/ataxia syndrome (FXTAS)[139, 140], and about 20 % 
female PM carriers are at risk for FMR1-related primary ovarian insufficiency 
(FXPOI)[141, 142]. Individuals with FXS carry full mutation (FM) alleles 
of >200 repeats which show hypermethylation around the FMR1 promoter 
region and consequent gene silencing[143, 144]. The FMR1 CGG repeat is 
normally interspersed by AGG trinucleotide interruptions after every 9 or 10 
CGGs, with most normal alleles containing two AGG interruptions and most 
premutation alleles containing only one AGG interruption at the 5’ end of the 
repeat region or none at all[145-148]. The loss of an AGG interruption, 
especially at the 3’ end of a repeat region, results in a long stretch of 
uninterrupted CGG repeats that has been associated with CGG repeat 
instability, especially in alleles with >24 uninterrupted CGG repeats at the 3’ 
end of the repeat[145-150]. 
 
1.5.2. Molecular diagnosis of FXS in PGD 
In 1996, Daniels et al.[151] presented a strategy for FXS diagnosis at the 
single cell level. Subsequently, the first PGD case for FXS was reported in 
1999[152]. Today, FXS is the most common indication for PGD of X-linked 
disease[2]. 
 
1.5.2.1. Direct detection 
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The commonest direct detection technique in PGD for FXS is flanking PCR. 
Several flanking PCR assays have been developed and applied to clinical 
PGD[152-158]. Although flanking PCR has been report to be able to detect up 
to 1300 repeats from genomic DNA[159], its performance in PGD is not so 
promising. The highly GC-rich FMR1 repeat sequence obstructs the successful 
amplification of the repeat region, and only non-expanded (normal) or small 
PM alleles can be detected. Besides, the preferential amplification may make 
the smaller allele extreme and the larger one undetectable. As a result, all 
current PGD by flanking PCR is based on detecting one non-expanded allele 
in male embryos, and two non-expanded alleles in female embryos. As there is 
a high possibility that a PM may expand during transmission from mother to 
offspring, embryos carrying either a PM or FM allele will not be transferred. 
Therefore, the inability of flanking PCR to detect the expanded allele will not 
affect embryo selection. The only limitation of this strategy is that when 
paternal and maternal normal alleles are identical in size, it is not possible to 
distinguish a homozygous normal female embryo from an expansion carrying 
female embryo[144, 154]. 
 
1.5.2.2. Indirect detection 
Linkage analysis provides an alternative solution for FXS detection in PGD. 
The first study[160] showed the utility of microsatellite markers for FXS at 
single cell level. Subsequently, microsatellite-based assays have been 
developed either for linkage analysis[161, 162] or in combination with direct 
detection[154-158] (Table 1-5). Among these assays, up to 6 STRs have been 
optimized in a single reaction together with 5 single nucleotide 
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polymorphisms (SNPs)[161]. However, only 4 of these STRs were located 
within 1 Mb of the FMR1 gene, while the SNPs are much less polymorphic for 





Table 1-5. Reported STRs for FXS detection in PGD 
Microsatellite Location† Relative position to the FMR1 gene Reference 
DXS998 146607950-146607983 5' flanking marker Apessos et al., 2001[161]; Harper et al., 2002[162]; Burlet et al., 2006[155]; Malcov et al., 2007[156]; Reches et al., 2009[157] 
DXS548 146803567-146803609 5' flanking marker Apessos et al., 2001[161]; Platteau et al., 2002[154]; Burlet et al., 2006[155]; Malcov et al., 2007[156]; Reches et al., 2009[157] 
FRAXAC1 146986348-146986384 5' flanking marker Apessos et al., 2001[161]; Burlet et al., 2006[155]; Malcov et al., 2007[156]; Reches et al., 2009[157]; Lee et al., 2011[158] 
FRAXAC2 147005986-147006018 5' flanking marker Apessos et al., 2001[161]; Platteau et al., 2002[154]; Malcov et al., 2007[156]; Reches et al., 2009[157] 
DXS1215 147268703-147268751 3' flanking marker Burlet et al., 2006[155]; Malcov et al., 2007[156]; Reches et al., 2009[157]; Lee et al., 2011[158] 
DXS8091 147602896-147602932 3' flanking marker Malcov et al., 2007[156]; Reches et al., 2009[157] 
DXS1193 148380185-148380451 3' flanking marker Malcov et al., 2007[156]; Reches et al., 2009[157] 
†Distance in base pairs (bp) from chromosome Xp-telomere based on the GRCh37/hg19 assembly built (UCSC). 




1.6. Objectives and significance of the study 
Some current deficiencies in PGD for single gene disorders are summarized 
below: 
 Many single cell diagnostic assays have been developed, but the 
majorities have not been optimized for the limiting DNA of single cells. 
 Direct mutation detection is best in PGD, but some mutations may be 
refractory to direct detection.  
 Many STRs used in linkage-based PGD assays for thalassemias and 
FXS are not highly polymorphic. 
 Many reported STRs are located far away from the mutation sites and 
are thus prone to recombination. 
 The paucity of available closely linked markers increases the 
likelihood of non-informativeness in some couples. 
 There is no systematic protocol for identifying linkage markers and 
developing linkage-based PGD assays efficiently. 
 
The main aim of this study was to develop improved PGD assays for α- and β-
thalassemia and FXS. The specific objectives of this research were to: 
 Develop improved robust STR-based single-tube fluorescent PCR 
assays for PGD of alpha-thalassemia, beta-thalassemia, and fragile X 
syndrome that incorporate multiplexed and highly informative linked 




o Identify and characterize panels of microsatellite markers 
flanking within 1 Mb of the alpha-globin, beta-globin and 
FMR1 genes. 
o Estimate the application values of selected markers by 
assessing the polymorphism and informativeness of each 
marker. 
o Establish informativeness databases of linked markers in 
certain populations. 
 Incorporate these STR-based panels with direct mutation detection, if 
possible. 
 Apply developed panels into clinical PGD cases, if possible. 
 Establish a systematic protocol of developing STR-based assays for 




Chapter 2: Materials and Methods 
2.1. General workflow of PGD assay development 
Generally, assays in this study were developed according to the protocol 
shown in Figure 2-1. There might be some difference among difference assays. 
For α-thalassemia, fragments of Y1 box and HBA2 were also included in the 
assay to detect a specific α+-thalassemia deletion. For FXS, only the 
multiplex-microsatellite panel was developed. No archived prenatal samples 
were available for the FXS study, but archived samples from a previous UK 




Figure 2-1. Protocol for identifying linkage markers and developing linkage-
based PGD assays together with direct mutation detection.  
The general workflow of assay development in this study is shown. There might be 













2.2.1. Cell lines and genomic DNA 
Genomic DNA (gDNA) of commercial cell lines and archived samples were 
used in assay development and optimization. 
 
Commercial cell lines including lymphocytes and fibroblasts were purchased 
from the Coriell Cell Repository (CCR, Camden, New Jersey, USA). The 
lymphoblastoid cell lines were maintained in Roswell Park Memorial Institute 
(RPMI) 1640 Medium (1×) (Life Technologies, Carlsbad, California, USA) 
supplemented with 10% Fetal Bovine Serum (FBS, Life Technologies), 1% 
1M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Life 
Technologies) and  2% 200 mM L-Glutamine (100×) (Life Technologies). The 
fibroblast cell lines were maintained in Minimum Essential Media (MEM) 
(Life Technologies) supplemented with 10% FBS, 1% 1M HEPES and 2% 
200 mM L-Glutamine. All cell lines were cultivated in an atmosphere of 5% 
CO2 at 37 C. The fibroblast cell line was routinely passaged by trypsinization 
using 0.05% Trypsin-EDTA (Life Technologies). Genomic DNA of cell lines 
was isolated in an automated nucleic acid extraction system (QIAsymphony, 
Qiagen, Hilden, Germany) according to standard manufacturer’s instruction. 
 
For α-thalassemia, CCR cell line GM04856 and archived DNA sample 
TH0466 (--/-αCS) were used to prove the assay’s utility of detecting point 
mutation using the multiplex-microsatellite panel together with Y1 and HBA2 
exonic fragment. Single lymphocytes were isolated from CCR cell lines 
GM04856 (αα/αα) and GM04866 (αα/αα) for single cell genotyping using the 
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HBA single cell PCR assay. Preclinical validation was performed on single 
lymphocytes or fibroblasts isolated from CCR cell lines of the parent-fetus trio 
comprising GM10799 (αα/--SEA), GM10798 (αα/--FIL) and GM10796 (--FIL/--
SEA). 
 
For β-thalassemia, CCR cell lines GM10798 (β/β) and GM07444 (IVSII 
1/IVSII 1) were used as a proof of principle of detecting point mutation using 
the multiplex-microsatellite panel together with HBB exonic fragments. Single 
lymphocytes were isolated from CCR cell lines GM04856 (β/β) and GM10798 
(β/β) for single cell genotyping using the HBB multiplex-microsatellite single 
cell PCR assay.  
 
For FXS, single cell validation of this multiplex diagnostic assay was 
performed using eighteen whole genome amplified single cells isolated from 6 
CCR cell lines with known genotypes comprising GM06890 (NL), GM06892 
(PM), GM06852 (FM), GM10798 (NL/NL), GM20239 (NL/PM) and 
GM07537 (NL/FM). Single lymphocytes were isolated from CCR cell line 
GM10798 (NL/NL) for single cell genotyping using the FXS multiplex-
microsatellite single cell PCR assay. 
 
Population samples included Caucasian (HD100CAU) and African-American 
(HD100AA) Human Variation DNA panels purchased from the CCR, as well 
as genomic DNA extracted from 192 Malay, 192 Chinese and 192 Indian 
unrelated and anonymized cord bloods of babies born at the National 
University Hospital, Singapore. DNAs were used either for initial genotyping 
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analysis of potential microsatellite markers, or to determine polymorphism and 
informativeness of selected markers. Samples presented more than two alleles 
at any STR locus would be consider as contaminated. 
 
2.2.2. Single cell isolation and processing 
2.2.2.1. Single cell isolation 
Cell lines were washed three times in 10 ml of wash buffer containing 1x 
phosphate buffered saline (PBS, Integrated Device Technology, San Jose, 
California, USA), followed by centrifugation at 300x g for 5 minutes each 
time. The final cell pellet was re-suspended in 1 ml of wash buffer. Individual 
cells were isolated by micromanipulation under a compound microscope 
(Olympus, Shinjuku, Tokyo, Japan) at x100 magnification. Cells were washed 
in a minimum of four fresh 1x PBS (Cell Signaling Technology, Danvers, 
Massachusetts, USA) with 1% polyvinylpyrrolidone (PVP, Sigma-Aldrich, St. 
Louis, Missouri, USA) droplets on a microscope slide, and then each isolated 
cell was transferred into a 0.2 ml tube containing 2 µl of 1× PBS (Cell 
Signaling Technology). A 0.5 µl aliquot of the last washing drop was also 
taken as a blank for each single cell. 
 
2.2.2.2. Single cell lysis 
For direct single cell PCR amplification, the isolated single cell was lysed by 
adding 2 µl of 0.4 M potassium hydroxide (KOH, Sigma-Aldrich), heated at 
65 C for 10 minutes, rapidly cooled to 4 C, and neutralized using 2 µl of 0.4 




2.2.2.3. Whole genome amplification (WGA) 
For WGA , the isolated single cell was lysed using 1.5 µl of 0.6 M KOH, 
heated at 30 C for 10 minutes, rapidly cooled to 4 C, and neutralized using 
1.5 µl of 0.6 M tricine. WGA was performed using the Genomiphi™ V2 DNA 
Amplification Kit (GE Healthcare, Little Chalfont, UK) according to 
manufacturer’s instructions.  
 
2.2.3. Archived prenatal DNA samples 
Archived prenatal DNAs from previous pregnancies of two couples who 
underwent prenatal testing for Hb Bart’s hydrops fetalis  syndrome, together 
with the couples’ DNAs were used to establish haplotype phase and identify 
recombinants using HBA single-tube PCR panel 2. These couples were both 
carriers of the α0-thalassemia deletion (αα/--SEA). 
 
Archived prenatal DNAs from previous pregnancies of four couples (A-D) 
who underwent prenatal testing for β-thalassemia, together with the couples’ 
DNAs were used to establish haplotype phase and identify recombinants using 
HBB multiplex-microsatellite panel. These couples were both carriers of the β-
thalassemia with different mutations - (β/IVSII 654) and (β/-28) in family A, 
(β/IVSII 654) and (β/IVSII 654) in family B, (β/(CD41/42)) and (β/-28)  in 
family C and (β/(CD27/28)) and (β/(CD41/42)) in family D. 
 
These clinical samples were obtained from KK Women’s and Children’s 




2.2.4. Archived UK NEQAS DNA samples 
Archived UK National External Quality Assessment Schemes (NEQAS) 
samples (Preimplantation Genetic Diagnosis Molecular External Quality 
Assessment Scheme 2011-12) were used to establish haplotype phases for 
FXS. Wife is a premutation carrier while husband is normal, and they have an 
affected son with full mutation. Two batches of whole genome amplification 
products from cultured single cells were included in the test. Each batch 
involved the carrier couple, an affected son and one blastomere from each of 
five embryos. 
 
2.2.5. PGD cases 
This study involved 7 clinical PGD cases from KKIVF, KK Women’s and 
Children’s Hospital; Clinic for Human Reproduction, National University 
Hospital; and Thomson Fertility Center, Thomsom Medical Center, Singapore. 
Clinical testing was performed by medical technologists at the Preimplantation 
Genetic Diagnosis Center, National University Hospital. 
 
The validated HBA single-tube PCR panel 1 was applied clinically on two --
SEA carrier couples (αα/--SEA) at risk for Hb Bart’s hydrops fetalis syndrome 
offspring, who each underwent one IVF-PGD cycle with informed consent. In 
the first case (PGD case A), 24 oocytes were recovered, of which 19 
underwent intracytoplasmic sperm injection (ICSI), resulting in 15 fertilized 
zygotes. Ten embryos cleaved, of which six cleaved sufficiently for embryo 
biopsy on day 3. Two blastomeres were biopsied from each embryo and 
analyzed separately. Genomic DNA from the couple were included in the 
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PGD test to establish the linkage phase of the marker alleles. In the second 
case (PGD case B), the couple had a previous Hb Bart’s hydrops fetalis 
syndrome affected pregnancy (--SEA/--SEA) from a natural conception which 
underwent an elective termination. Four oocytes were recovered, of which two 
underwent ICSI and fertilized and cleaved sufficiently for embryo biopsy on 
day 3. Two blastomeres were biopsied from each embryo and analyzed 
separately. Genomic DNA from the previous abortus and couple were also 
included in the PGD test to establish the haplotype phase of the parental 
normal and deleted chromosomes. 
 
The validated HBA single-tube PCR panel 2 including one Y1 fragment was 
applied clinically on five carrier couples at risk for Hb Bart’s hydrops fetalis 
syndrome and/or Hb H disease offspring, who underwent one IVF-PGD cycle 
with informed consent. In PGD case C and D, both couples were carriers of --
SEA deletion (αα/--SEA). Two blastomeres were biopsied from three and nine 
embryos, respectively. In PGD case E, wife was carrier of 3.7 kb α+-
thalassemia deletion (αα/-α3.7) and husband was carrier of the --SEA deletion 
(αα/--SEA). Ten frozen embryos were thawed, of which eight survived. Three 
cleaved sufficiently for embryo biopsy on day 3. Two blastomeres were 
biopsied from each embryo and analyzed separately. In PGD case F, wife was 
carrier of 4.2 kb α+-thalassemia deletion (αα/-α4.2) and husband was carrier of 
the --SEA deletion (αα/--SEA). One trophectoderm sample was biopsied from 
eight embryos and analyzed separately. In PGD case G, wife was affected of 
Hb H disease (-α3.7/--SEA) and husband was carrier of the --SEA deletion (αα/--
SEA). One or two blastomeres were biopsied from nine embryos and analyzed 
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separately. Genomic DNA from the couples was also included in the PGD 
tests to establish the genotypes. 
 
2.2.6. Ethical approval for use of human samples 
Use of human samples for the research study was approved by the Institutional 
Review Board of the National University of Singapore (11-377E, 13-309E, 
07-123E) and the Centralised Institutional Review Board of Singapore Health 
Services (2013/073/A). Patient informed consents were obtained for clinical 
PGD cases. 
 
2.3. Identification and selection of microsatellite markers 
The 1 Mb upstream and downstream sequence of each gene of interest 
(GRCh37/hg19 Assembly) was downloaded from the University of California 
Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/). Interspersed 
repeats and low complexity DNA sequences were screened out by “repeat 
masking” and indicated in lowercase. 
 
The SSRHunter[163] (http://en.bio-soft.net/dna/SSRHunter.html) and Tandem 
Repeats Finder (TRF)[164] (http://tandem.bu.edu/trf/trf.html) DNA analysis 
programs were used to identify microsatellite markers within genomic 
segments. As recommended in Machado et al.[165], the percentage of matches 
and alignment score values calculated by TRF formed the first selection 
criteria for in silico mining of microsatellite markers. Specifically, for di-, tri-, 
tetra- and penta-nucleotide microsatellite markers, minimum acceptable score 
values were 54, 80, 66 and 52, respectively, and with minimum of 80% match. 
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The uniqueness of DNA sequences flanking the microsatellite marker formed 
the second level of microsatellite selection criteria. Sequence uniqueness was 
examined by performing a BLAST (Basic Local Alignment Search Tool) 
search against the GenBank non-redundant nucleotide and Alu repeat 
databases (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Microsatellite markers that did 
not meet the first two selection criterion were excluded. 
 
The relative location of the microsatellite marker with respect to the gene of 
interest, its repeat number and reported heterozygosity values formed the third 
level of microsatellite selection criterion. Heterozygosity values were obtained 
from the Mammalian Genotyping Service (MGS) website  
(http://research.marshfieldclinic.org/genetics/GeneticResearch/compMaps.asp)[166] 
and the Rutgers Map build 37[167] (http://compgen.rutgers.edu/maps) to 
evaluate the polymorphism of established markers. Microsatellite markers 
located nearer to the gene of interest, have more repeats and higher 
heterozygosity were preferred. Selected markers were then tested against an 
initial panel of several lymphoblastoid cell line DNAs and archived DNAs to 
exclude monomorphic markers. The final selection criteria included 
polymorphism information based on small population sample screening and 
marker location. Markers with high heterozygosity and polymorphism 
information content (PIC) values were selected for co-amplification in a 
single-tube PCR panel. When several markers showed similar high 




The optimized single-tube PCR panels were genotyped on the five or three 
different population samples to determine the heterozygosity and PIC values 
of each marker for each population group. 
 
2.4. Individual and multiplex PCRs 
2.4.1. Primer design 
Primer pairs were designed according to the general primer design guideline 
(Qiagen multiplex PCR handbook, Qiagen). Interspersed repeats, low 
complexity DNA sequences, Alu sequences region were avoided. An online 
analysis program Oligo Analysis Tool (http://www.operon.com/tools/oligo-
analysis-tool.aspx) was used to identify the melting temperature (Tm) and 
potential primer-dimmer formation. Specificity of each primer pair was 
determined using the Primer-BLAST software 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome). 
Presence of SNPs within the primer annealing sequence was identified using 
SNP databases accessible from the UCSC Genome Browser. If a SNP was 
present, the primer was designed to contain alternative nucleotides at the 
relevant position. Primer pairs were tested by individual PCR initially. Each 
primer pair in the final panels was designed to yield a different PCR product 
size, and one primer of each primer pair was fluorescently labeled with FAM, 
HEX or NED at its 5’ end to allow its identification after capillary 
electrophoresis. To promote PCR amplicons enriched for non-templated +A 
formation in some markers, a GTTT tail sequence was added to the 5’ end of 




One primer pair (Y1-F and Y1-R) was also designed to amplify the Y1 box for 
α-thalassemia. Another pair of primers (HBA2-F and HBA2-R) was designed 
to amplify exon 3 of the HBA2 gene. Four primer pairs were designed to 
amplify HBB exonic fragments, one for exon 1 (HBB-E1-F and HBB-E1-R), 
one for exon 2 (HBB-E2-F and HBB-E2-R) and two for exon 3 (HBB-E3-F1, 
HBB-E3-F2, HBB-E3-R1 and HBB-E3-R2). The two primer pairs 
encompassing exon 3 also sever as gap-PCR primers to detect Δ619 bp 
deletion. One primer pair (AMEL-F and AMEL-R) was designed to amplify 
the amelogenin gene. Specific primers HBA-F-CS and IVSII1-F were 
designed to detect Hb Constant Spring mutation (TER, T→C) and HBB IVSII 
1 by mini-sequencing, respectively. ARMS-PCR primers HbCS-RW and 
HbCS-RM were designed for normal and mutant alleles respectively, and two 






Table 2-1. Primer sequences for the exonic fragments and mutations 
Name Primer Sequences (5' → 3') Conc. (μM) 
Amplicon 
Size (bp) 
Y1-F  GACCTGATGCACTCCTCAAAG 0.05 
333 
Y1-R  AAGGATATGTATTAGGTGGAGGAGGT 0.05 
HBA2-F  CCTGGGCCGCACTGA 0.40 
307 
HBA2-R CATTCCGGGATAGAGAGAACC 0.40 
HBB-E1-F ACGGCTGKSATCACTTAGAC* 0.20 
323 
HBB-E1-R GTTTCCCAGTTTCTATTGGTCTCC† 0.20 
HBB-E2-F GAAGACTCTTGGGTTTCTGATAG 0.20 
368 
HBB-E2-R GTTTTRTCCCYTTCCTATGACATGAAC† 0.20 
HBB-E3-F1 TGTATCATGCCTCTTTGCACC 0.20 
221 
HBB-E3-R1 CCTAGCTTGGACTCAGAATAATC 0.20 
HBB-E3-F2 CTAAACTGGGGGATATTATGAAGG  0.20 
313 
HBB-E3-R2 TAACCTCCAAATCAAGCCTCTAC 0.20 
AMEL-F CTGGGCTCTGTAAAGAATAGTG 0.10 
113, 119‡ 
AMEL-R GTTTCAACCATCAGAGCTTAAACTGG† 0.10 
HBA-F-CS  ct(gact)5GCTGACCTCCAAATACCGT§ 0.20 
IVSII1-F  (gact)5TGGATCCTGAGAACTTCAGG§ 0.20   
HbCS-RW CTACCGAGGCTCCAGGATA 0.20 
HbCS-RM CTACCGAGGCTCCAGAGTG 0.10 
*Degenerate primer was used at locus with SNP, K=G/T, S=C/G. 
†a GTTT tail sequence was added to the 5’ end of the primer. 
‡The amplicons from chromosome X and Y are 113 bp and 119 bp, respectively. 
§a nonspecific tail was added to the 5’ end of the primer. 
 
2.4.2. Individual PCR 
Individual PCR amplification was performed in a 50 µl reaction volume 
consisting of 1 µl genomic DNA, 2.5 U HotStarTaq® DNA polymerase 
(Qiagen), 1× supplied PCR buffer (containing 1.5 mM MgCl2, Qiagen), 0.2 
mM deoxyribonucleotide triphosphates (dNTPs, Roche, Penzberg, Upper 
Bavaria, Germany) and 0.2 µM of each primer. Thermal cycling involved an 
initial 15 minute enzyme activation at 95 C, 35 cycles of denaturation at 98 C 
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for 45 seconds, annealing at 60 C for 1 minute, and extension at 72 C for 1 
minute, and a final extension at 72 C for 5 minutes. 
 
2.4.3. Multiplex PCR 
Initial multiplex PCR amplification was performed in a 50 µl reaction volume 
consisting of DNA template (1 µl of genomic DNA, or 6 µl of lysed and 
neutralized single cell sample or 2 µl of WGA product), 1×Qiagen Multiplex 
PCR Master Mix (Qiagen) and 0.2 µM of each primer. Where genomic DNA 
or WGA product was used as template, thermal cycling involved an initial 15 
minute enzyme activation at 95 C, 30 cycles of 98 C for 45 seconds, 60 C 
for 90 seconds, and 72 C for 1 minute, ending with a final extension at 60 C 
for 30 minutes. Single cell PCR conditions were identical to the above except 
that 40 cycles were used. Subsequent optimization of PCR condition was 
performed for each assay by adding Q-Solution (Qiagen) in varying amounts, 
altering primer concentrations or modifying the thermocycling program. 
 
For α-thalassemia, the final multiplex PCR amplification was performed in a 
50 µl reaction volume consisting of either 1 µl of genomic DNA, 6 µl of lysed 
and neutralized single cell sample, or 2 µl of WGA product as template, 1× 
Multiplex PCR Master Mix (Qiagen), 0.75× Q-Solution (Qiagen) and 0.1-0.3 
µM of each primer. Where genomic DNA or WGA product was used as 
template, thermal cycling involved an initial 15 minute enzyme activation at 
95 C, 30 cycles of 98 C for 45 seconds, 60 C for 90 seconds, and 72 C for 1 
minute with an increment of 6 seconds extension per cycle, ending with a final 
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at 60 C for 30 minutes. Single cell PCR conditions were identical to the above 
except that 40 cycles were used. 
 
For β-thalassemia, the final multiplex PCR amplification was performed in a 
20 µl reaction consisting of 1 µl of genomic DNA, or 6 µl of lysed and 
neutralized single cell sample or 2 µl of WGA product, 1× Qiagen Multiplex 
PCR Master Mix (Qiagen) and 0.05-0.4 µM of each primer. Where genomic 
DNA or WGA product was used as template, thermal cycling involved an 
initial 15 minute enzyme activation at 95 C, 30 cycles of 94 C for 30 seconds, 
60 C for 90 seconds, and 72 C for 1 minute with an increment of 6 seconds 
extension per cycle, ending with a final extension at 60 C for 30 minutes. 
Single cell PCR conditions were identical to the above except that 40 cycles 
were used. 
 
For FXS, the final multiplex PCR amplification was performed in a 20 µl 
reaction volume consisting of either 1 µl of genomic DNA, 6 µl of lysed and 
neutralized single cell sample, or 2 µl of WGA product as template, 1× 
Multiplex PCR Master Mix (Qiagen) and 0.06-0.6 µM of each primer. 
Thermal cycling involved an initial 15 minute enzyme activation at 95 C, 27 
cycles of 94 C for 30 seconds, 60 C for 90 seconds, and 72 C for 1 minute, 
ending with a final at 60 C for 30 minutes. Single cell PCR conditions were 





For α-thalassemia, a 40 µl aliquot of multiplex PCR product was purified with 
Illustra MicroSpin S-400 Columns (GE Healthcare) according to standard 
manufacturer’s instruction.  
 
For β-thalassemia, a 2 µl aliquot of multiplex PCR product was amplified with 
corresponding exonic primers in a second round PCR to enrich the fragment 
containing the mutation. The PCR and thermal cycling conditions were 
identical to the above individual PCR except that 20 cycles were used.  
 
Excess PCR primers and unincorporated dNTPs in a 2.5 µl aliquot of the 
purified PCR product or second round PCR amplicon were functionally 
inactivated and digested, respectively, by incubation with 1 U shrimp alkaline 
phosphatase (SAP, GE Healthcare) and 5 U exonuclease I (ExoI, GE 
Healthcare) at 37 C for 15 minutes, followed by enzyme deactivation at 80 C 
for 15 minutes. Mini-sequencing was performed in a 2 µl reaction volume 
consisting of 1 µl purified PCR product, 0.5 µl of SNaPshot® Multiplex 
Ready Reaction Mix (Applied Biosystems) and 0.2 µM of mutation-detection 
primer. The reaction mixture was subjected to 25 extension cycles of 
denaturation at 96 C for 10 seconds, annealing at 55 C for 5 seconds, and 
extension at 60 C for 30 seconds. After the extension, unincorporated 
fluorescent ddNTPs were enzymatically inactivated using 1 U SAP, incubated 





A 2 µl aliquot of multiplex PCR product was used as template of ARMS-PCR 
directly. PCR amplification was performed in a 50 µl reaction volume 
consisting of 2 µl multiplex PCR product, 2.5 U HotStarTaq® DNA 
polymerase (Qiagen), 1× supplied PCR buffer (containing 1.5 mM MgCl2, 
Qiagen), 0.2 mM dNTPs, Roche), 0.4 µM of HBA2-F, 0.2 µM of HbCS-RW 
and 0.1 µM of HbCS-RM. Thermal cycling involved an initial 15 minute 
enzyme activation at 95 C, 25 cycles of denaturation at 96 C for 45 seconds, 
annealing at 60 C for 1 minute, and extension at 72 C for 1 minute, and a 
final extension at 72 C for 5 minutes. 
 
2.4.6. Capillary electrophoresis (CE) and genotype analysis 
PCR products were resolved by automated CE on an ABI 3130xl Genetic 
Analyzer (Applied Biosystems, Foster City, California, USA). 
 
For fragment analysis, a 1 µl aliquot of fluorescent PCR product was mixed 
with 9 µl of Hi-Di™ formamide (Applied Biosystems, Foster City, California) 
and 0.3 μl of GeneScan™ 500 ROX™ dye size standard (Applied Biosystems). 
The mixture was denatured at 95 °C for 5 minutes, cooled to 4 °C, and 
resolved in a 3130xl Genetic Analyzer (Applied Biosystems) using a 36 cm 
capillary filled with either POP4™ polymer or POP7™ polymer. When using 
POP4™ polymer, samples were electrokinetically injected at 1.2 kV for 18 
seconds and electrophoresed for 25 minutes at 60 °C. When using POP7™ 
polymer, samples were electrokinetically injected at 1.2 kV for 23 seconds and 




For mini-sequencing, a 1 µl aliquot of PCR product was mixed with 9 µl of 
Hi-Di™ formamide (Applied Biosystems, Foster City, California) and 0.1 μl 
of GeneScan™ 120 LIZ™ dye size standard (Applied Biosystems). The 
mixture was denatured at 95 °C for 5 minutes, cooled to 4 °C, and resolved in 
a 3130xl Genetic Analyzer (Applied Biosystems) using a 36 cm capillary 
filled with POP4™ polymer or POP7™ polymer. When using POP4™ 
polymer, samples were electrokinetically injected at 2 kV for 22 seconds and 
electrophoresed for 1000 seconds at 60 °C. When using POP7™ polymer, 
samples were electrokinetically injected at 1.2 kV for 23 seconds and 
electrophoresed for 20 minutes at 60 °C. 
 
GeneScan analysis was performed with GeneMapper 4.0 software (Applied 
Biosystems). A “macro” file was created for multiplex assay according to the 
standard manufacturer’s instruction, such that each peak in the GeneMapper-
generated electropherogram could be automatically identified and labeled by 
launching the macro application. 
 
2.5. Direct/indirect mutation detection using microsatellite markers 
Primer pairs encompassing each microsatellite marker with or without 
accompanying gene exonic fragments were co-amplified in a single reaction 
using the multiplex PCR protocol. Optimization of multiplex PCR conditions 
was established using genomic DNA samples initially and applied on single 
cells either directly or after whole genome amplification subsequently. After 
multiplex PCR, fragment and STR analysis was performed by GeneScan 




2.6. Direct mutation detection by mini-sequencing and ARMS-PCR 
For mini-sequencing, either purification with Illustra MicroSpin S-400 
Columns or two rounds of PCR were involved. Subsequent mini-sequencing 
was performed, as described above, to determine the mutation. For ARMS-
PCR, the first round multiplex PCR products were used as template directly. 
Assay specificity was evaluated by analyzing normal and mutant samples for 
each mutation. Optimization of PCR assays was established using genomic 
DNA samples initially and applied on single cells subsequently. 
 
2.7. Data analysis 
Allele frequency, expected heterozygosity (He)[170], observed heterozygosity 
(Ho)[171], polymorphism information content (PIC)[172], amplification 
failure rate (AFR)[32] and allele drop-out (ADO) rates[32] were calculated 
using Microsoft Excel. 
ܪ݁	(݁ݔ݌݁ܿݐ݁݀	ℎ݁ݐ݁ݎ݋ݖݕ݃݋ݏ݅ݐݕ) = 1 −෌ ݌௜ଶ௡௜ୀଵ   
Where ݊ is the number of alleles, and ݌௜ is the frequency of ݅௧௛ allele.  
ܪ݋	(݋ܾݏ݁ݎݒ݁݀	ℎ݁ݐ݁ݎ݋ݖݕ݃݋ݏ݅ݐݕ) = ∑ (1	݂݅	ܽ௜ଵ ≠ ܽ௜ଶ)
௡௜ୀଵ
݊  
Where ݊ is the number of individuals in the population, and ܽ௜ଵ, ܽ௜ଶ are the 
alleles of individual ݅ at the target locus.  
ܲܫܥ = 1 −෌ ݌௜ଶ௡௜ୀଵ − ∑ ∑ 2݌௜ଶ݌௝ଶ௡௝ୀ௜ାଵ௡ିଵ௜ୀଵ   
Where ݊ is the number of alleles, and ݌௜, ݌௝ are the allele frequency of ݅௧௛ and 
݆௧௛ allele.  
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ܣܨܴ = ௡௨௠௕௘௥	௢௙	௛௘௧௘௥௢௭௬௚௢௨௦	௦௔௠௣௟௘௦	௜௡	௪௛௜௖௛	௡௘௜௧௛௘௥	௔௟௟௘௟௘	௔௠௣௟௜௙௜௘ௗ௧௢௧௔௟	௡௨௠௕௘௥	௢௙	௛௘௧௘௥௢௭௬௚௢௨௦	௦௔௠௣௟௘௦ × 100%	  





Chapter 3: Single cell assays for alpha-thalassemia 
3.1. Introduction 
The thalassemias are a heterogeneous group of autosomal recessive disorders 
of hemoglobin (Hb) synthesis that rank among the most common monogenic 
diseases globally, with an estimated 60,000 affected births each year[45]. Hb 
Bart’s hydrops fetalis syndrome is a lethal form of alpha (α)-thalassemia, most 
commonly caused by homozygosity for α0-thalassemia deletions which result 
in complete absence of α-globin. It is highly prevalent within Southeast Asia 
and Southern China, and also the Mediterranean, with disease frequencies of 
5-15%[43]. Hb Bart’s hydrops fetalis syndrome accounts for almost 90% of all 
cases of hydrops fetalis in Southeast Asia[52]. The most common Southeast 
Asian α0-thalassemia deletions are --SEA, followed by --FIL and --THAI, while --
MED and -(α)20.5 are prevalent within the Mediterranean. A high carrier 
frequency of α0-thalassemia deletions increases the likelihood of homozygous 
affected pregnancies in these regions, and carrier couples have a 25% risk of 
conceiving an affected child in each pregnancy. Affected pregnancies not only 
lead to fetal demise in utero or shortly after birth, but are also associated with 
maternal morbidity or mortality[56]. Hb H disease is another form of α-
thalassemia, with clinical varying symptoms. Within Asia, both the -α3.7 and -
α4.2 α+-thalassemia deletions are prevalent, while -α3.7 is common in the 
Mediterranean[43]. PGD provides at-risk couples the option to avoid affected 
pregnancies, through genetic analysis of preimplantation stage embryos 





Gap-PCR, a technique which uses opposing primers to amplify across specific 
defined deletion junctions, is commonly employed for PGD of α-
thalassemia[78-82, 84, 86]. When an at-risk couple each carry a different 
deletion, however, customized gap-PCR co-amplifications have to be 
optimized to detect the different deletion junctions. More recently, PGD 
assays using microsatellite markers to detect α-thalassemia have also been 
reported[77, 83]. However, the limited number of established markers that are 
closely linked to the α-globin genes increases the probability of assay non-
informativeness for many couples, thus limiting their use in linkage-based 
PGD for α-thalassemia. 
 
To address the lack of sufficient suitable polymorphic markers, we performed 
an in silico search for additional microsatellites within 1 Mb of the α-globin 
gene cluster. Nine highly polymorphic microsatellite markers encompassing 
the α-globin gene cluster were selected and optimized for co-amplification in a 
single reaction directly from a single cell, with results available within 8 hours. 
The single cell multiplex-microsatellite panel was further multiplexed with Y1 
box fragment, as well as HBA2 exonic fragment for simultaneous 
deletion/point mutation detection with linkage analysis, mini-sequencing and 
ARMS-PCR. This rapid, accurate and cost-effective single-tube test can be 
applied to PGD of most α-thalassemia without the need for deletion-specific 
customization. The nine-marker panel maximizes the likelihood of multiple 
informative linked markers in most couples, making it useful for linkage-
based PGD of non-deletional α-thalassemia. The assay’s short turnaround time 
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3.2.1. Microsatellite markers within 1 Mb of the α-globin gene cluster 
Forty two microsatellites lying within 1 Mb of the α-globin gene cluster were 
identified by in silico mining. Twenty four markers satisfied the first selection 
criteria (Table 3-1). Of these, three microsatellites (HBA80, HBA204 and 
STS486097) were excluded because of flanking sequence homology to other 
chromosomes. A further nine microsatellites (HBA96, HBA275, HBA296, 
HBA376, HBA399, HBA465, HBA666, HBA857 and HBA887) were excluded 
due to their location within Alu repeats that precluded sequence-specific 
primer design. Specific PCR primers could be designed for four 
microsatellites (D16S521, HBA370, HBA876 and HBA950) despite the 
presence of adjacent Alu repeats, and they were included among the 12 
markers that were initially genotyped on 16 cell line DNAs. Three 
microsatellite markers (HBA373, HBA629 and HBA742) were subsequently 
found to have 4 alleles with low heterozygosity and PIC values, and were 
therefore excluded from further consideration. The remaining nine 
microsatellite markers, six established (D16S521, 16PTEL03, 16PTEL05, 
16PTEL06, HBA876 and D16S525) and three novels (HBA370, HBA572, and 
HBA950) were optimized to co-amplify in a single-tube multiplex-





Table 3-1. In silico polymorphism index values of microsatellite markers found near and within the α-globin gene cluster identified by SSRHunter 
and Tandem Repeats Finder (TRF) 
No. Microsatellite* Location†  Relative position to the α-globin genes 
SSRHunter TRF 
Repeats Repeats % match‡ Score§ 
1 HBA79 79587-79622 5' flanking marker TGC×7 TGC×12 87 54 
2 HBA80 80298-80548 5' flanking marker AC×10 AC×10 AC×125 81 261 
3 HBA89 89831-89866 5' flanking marker ATT×7 ATT×12 93 63 
4 HBA90 90865-90903 5' flanking marker AT×5 AT×7 AAT×12.7 94 69 
5 D16S521 94315-94341 5' flanking marker AC×13 AC×13.5 100 54 
6 HBA96 96723-96765 5' flanking marker TAAA×6 TAAA×10.5 95 77 







8 HBA176 176423-176466 5' flanking marker AAT×8 AAT×14.3 95 79 
9 HBA204 204100-204192 5' flanking marker GGGCG×5 GCGGG×18.2 80 109 
10 HBA214 214690-214982 5' flanking marker GCGGG×6 GCGGG×55.4 73 215 







12 16PTEL06/D16S3401 231982-232003 3' flanking marker CA×11 ND ND ND 
13 HBA269 269388-269430 3' flanking marker ND AAAT×10.5 80 52 
14 HBA275 275800-275832 3' flanking marker AAAAG×5 AAAAG×6.6 96 57 
15 HBA279 279826-279853 3' flanking marker TTTA×7 TTTA×7 100 56 
56 
 
16 HBA296 296749-296780 3' flanking marker TGTTT×5 TGTTT×6.2 92 55 
17 HBA370 370724-370744 3' flanking marker TA×10 ND ND ND 
18 HBA373 373777-373803 3' flanking marker CA×13 CA×13.5 100 54 
19 HBA376 376373-376395 3' flanking marker AT×11 ND ND ND 
20 HBA399 399105-399134 3' flanking marker AAAAT×6 AAAAT×6 100 60 
21 HBA441 441618-441656 3' flanking marker AAAT×6 AAAT×9.8 82 51 
22 HBA465 465280-465316 3' flanking marker AATA×9 AATA×9.3 100 74 
23 HBA486 486466-486497 3' flanking marker ATTT×5 ATTT×8 92 55 
24 HBA572 572246-572285 3' flanking marker AT×14 AT×20.5 89 64 
25 HBA597 597215-597253 3' flanking marker AGG×5 AGG×13 83 51 













27 HBA621 621572-621596 3' flanking marker GT×12 GT×12.5 100 50 
28 HBA629 629011-629046 3' flanking marker GGGGC×5 GGGGC×7 93 54 
29 HBA666 666334-666367 3' flanking marker TTTA×8 TTTA×8.5 100 68 
30 HBA726 726032-726058 3' flanking marker GGGA×6 GGGA×6.8 100 54 




TC×26.5 84 70 
32 HBA745 745344-745392 3' flanking marker ND GCCCC×9.8 79 53 
33 HBA789 789298-789325 3' flanking marker CAAA×7 CAAA×7 100 56 
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34 HBA828 828949-829127 3' flanking marker ND TCAC×43.8 76 124 
35 HBA829 829191-829363 3' flanking marker ND TCAT×44.5 71 72 
36 HBA857 857165-857193 3' flanking marker AAAAC×5 AAAAC×5.8 100 58 
37 HBA870 870184-870210 3' flanking marker CTTC×6 CTTC×6.8 100 54 
38 HBA876 876415-876455 3' flanking marker AC×20 AC×20.5 100 82 
39 HBA887 887819-887855 3' flanking marker TTTTC×5 TTTTC×7.8 96 60 
40 HBA950 950682-950732 3' flanking marker TG×25 TG×25.5 100 102 
41 HBA1027 1027814-1028238 3' flanking marker ND AC×219 70 266 
















Table 3-1. Continued 
No. Microsatellite* Alleles¶ Amplicon Size (bp)¶ 
Informativeness¶ Heterozygosity 
PIC He Ho MGS database Rutgers Map database 
1 HBA79               
2 HBA80               
3 HBA89               
4 HBA90               
5 D16S521 9  379-397 0.79  0.81  0.94  0.71  0.76  
6 HBA96               
7 16PTEL03/D16S3399 7  156-170 0.77  0.79  0.69  0.77  0.69  
8 HBA176               
9 HBA204               
10 HBA214               
11 16PTEL05/D16S3400 6  275-287 0.74  0.77  0.81  0.74    
12 16PTEL06/D16S3401 8  206-232 0.76  0.79  0.88  0.83  0.83  
13 HBA269               
14 HBA275               
15 HBA279               
16 HBA296               
17 HBA370 11  484-518 0.77  0.79  0.94      
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18 HBA373 4  141-151 0.52  0.57  0.81      
19 HBA376               
20 HBA399               
21 HBA441               
22 HBA465               
23 HBA486               
24 HBA572 6  251-261 0.53  0.58  0.56      
25 HBA597               
26 STS486097               
27 HBA621               
28 HBA629 2  256-260 0.37  0.48  0.44      
29 HBA666               
30 HBA726               
31 HBA742 1  249  0.00  0.00  0.00      
32 HBA745               
33 HBA789               
34 HBA828               
35 HBA829               
36 HBA857               
37 HBA870               
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38 HBA876 8  363-383 0.84  0.85  1.00      
39 HBA887               
40 HBA950 7  429-443 0.74  0.78  0.94      
41 HBA1027               
42 D16S525 15  156-190 0.90  0.91  0.94      
*Established microsatellite markers were named as their published names. Novel ones were named by the three letter acronym HBA, followed by a number 
that indicates the distance in kilo base pairs (kb) from chromosome 16p-telomere based on the GRCh37/hg19 assembly build (UCSC).  
†Distance in base pairs (bp) from chromosome 16p-telomere based on the GRCh37/hg19 assembly built (UCSC). 
‡Overall percentage of matches between adjacent copies as calculated by TRF. 
§Alignment score as calculated by TRF. 
¶Alleles and genotypes were determined from 16 cell line DNAs. 
ND indicates not determined. 
Grey highlighted microsatellite markers were excluded as they didn’t meet the first selection criterion as mentioned in the materials and methods section; red 
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For deletional Hb H disease due to -α4.2 and α0-thalassemia deletions, 
16PTEL05 and HBA2 fragment serve to identify -α4.2. An unaffected embryo 
will show the alleles present on both maternal and paternal normal 
chromosomes as well as Y1 and HBA2 fragments. A -α4.2 carrier embryo will 
show either maternal or paternal 16PTEL05 allele, both maternal and paternal 
16PTEL06 alleles, positive amplification of Y1 and HBA2 fragments. A α0-
thalassemia deletion carrier embryo will show either the maternal or paternal 
normal chromosomes alleles of 16PTEL05 and 16PTEL06, positive 
amplification of Y1 and HBA2 fragments. An affected (-α4.2/--) embryo will 
not show any 16PTEL05 allele or HBA2 fragment, but display one maternal or 
paternal 16PTEL06 allele and Y1 fragment.  
 
For deletional Hb H disease due to -α3.7 and α0-thalassemia deletions, Y1 and 
HBA2 fragments serve to identify -α3.7. An unaffected embryo or a -α3.7 carrier 
embryo will show 16PTEL05 and 16PTEL06 alleles present on both maternal 
and paternal normal chromosomes as well as Y1 and HBA2 fragments. In such 
case, haplotype phase of the paternal and maternal deleted chromosomes could 
be ascertained by linkage analysis. An affected (-α3.7/--) embryo will not show 
any Y1 and HBA2 products but show one allele of both 16PTEL05 and 
16PTEL06. 
 
For both deletional and non-deletional α-thalassemia, the flanking markers can 
be used to generate haplotypes for linkage-based PGD so long as some or all 
of the markers are informative in the at-risk couple. In such case, an index 
case (affected or normal unaffected embryo/fetus) is required to trace the 
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mutant haplotypes. Furthermore, the entire panel serves to confirm bi-allelic 
inheritance of parental alleles, provides additional linkage-based confirmation 
through haplotype analysis, and aids in monitoring PCR failure, ADO, and 
exogenous DNA contamination. 
 
To verify the PIC, He and Ho values of each marker, we genotyped an 
additional 480 DNAs from 5 population groups including 96 Caucasian 
(HD100CAU), 96 African-American (HD100AA), 96 Malay, 96 Chinese and 
96 Indian using the single-tube PCR panel (Table S1). Of the 480 DNAs 
analyzed, 17 completely failed to amplify. Another nine samples showed 
evidence of exogenous DNA contamination and these were excluded from 
further analysis. Results from the remaining 454 samples revealed that all nine 
microsatellite markers possessed PIC values of >0.5 (Table 3-2). Altogether, 
171 alleles were observed, with 10-35 alleles observed for each marker. Allele 
frequencies ranged from 0.001 to 0.731 (Table S2 and Figure 3-3). The He and 
Ho values ranged from 0.71-0.93 and 0.66-0.90, respectively (Table 3-2). 
Population-specific differences in heterozygosity were observed for the 
markers, to varying degrees (Table S3 and Figure 3-4). For example, the Ho 
value of HBA572 was moderately high in the Chinese, Malay, Indian and 
Caucasian populations, but not in the African-American population. 
Nonetheless, all 454 genotyped individuals were heterozygous at three or 
more marker loci, the majority of whom were heterozygous at 6-9 loci (Figure 
3-5). The majority of the Chinese, Malay and African-American individuals 
were heterozygous at 7 marker loci, while most Indian and Caucasian 
individuals were heterozygous at 8 loci. More than 93% individuals were 
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observed to be heterozygous for at least one marker on either side of the α-
globin gene cluster (Figure 3-6). These data strongly suggest that the 
multiplex-microsatellite panel has sufficient marker redundancy to be used for 




Table 3-2. Microsatellite markers within and flanking the alpha-globin gene cluster used in the direct single cell multiplex PCR assay 
Name* Relative position to the α-globin genes Repeat Motif Primer Sequences (5' → 3')† 
D16S521 5' flanking marker (AC)n CAACCAATATAAAAAATCTCAGAGGAC Hex-CTTTTATTTGCACCCTGGAGAAC 
16PTEL03/D16S3399 5' flanking marker (TA)n(AC)n Hex-CAATCACAACGAATATACAGCAYG
# 
GTTCTAGATCCCTCCAGGTTTTTTATC¶ 
16PTEL05/D16S3400 5' flanking marker (CA)n Fam-ACTAAAATCTATCCATGCTTTCACACAC AGACACTTCACTGAGAATAGGAAG 
16PTEL06/D16S3401 3' flanking marker (CA)n Ned-CAGGTCCAGGAATGGGTG AGAAGACTGGAACAGCTACGC 
HBA370 3' flanking marker (TA)n(T)n Fam-TTCCAGCTTTCCTCATCAATTAC AGGTGGTCTTTTGGCATGAAAC 
HBA572 3' flanking marker (AT)n GGAAAGCCTTGGGTGTAAATCAG Hex-GTCCATGCTTACAGTGACAGC 
HBA876 3' flanking marker (AC)n Fam-GGATGGTGAATTTTAAAAACAGATGTCG GTTTAACTCACATTTCCCCGACC¶ 
HBA950 3' flanking marker (TG)n AGAGCCGTRAGCTGCAC
# 
Fam-CTGGCAAAGTTAAAACGTGATGTC 




Table 3-2. Continued 
Name* Conc. (μM) Alleles‡ Amplicon Size (bp)‡ 
Informativeness‡ Assay Efficiency§ 
PIC He Ho AFR (%) ADO (%) 
D16S521 0.20 16 373-405 0.72  0.74  0.70  0 5 
16PTEL03/D16S3399 0.30 19 148-195 0.83  0.85  0.80  0 0 
16PTEL05/D16S3400 0.10 12 265-291 0.79  0.82  0.79  0 2 
16PTEL06/D16S3401 0.10 21 202-258 0.87  0.88  0.90  0 2 
HBA370 0.30 35 454-525 0.88  0.89  0.71  0 2 
HBA572 0.15 10 245-267 0.68  0.71  0.66  0 2 
HBA876 0.30 19 359-395 0.87  0.88  0.87  0 4 
HBA950 0.20 15 421-449 0.83  0.85  0.85  0 0 
D16S525 0.20 24 146-198 0.92 0.93 0.90 0 4 
*Italicized markers are novel. 
†Based on genome assembly build GRCh37/hg19 (UCSC). 
‡Alleles and genotypes were determined from 454 DNA samples. 
§Values were determined from the analysis of 50 single lymphocytes from each of 2 cell lines (GM04856, GM04866). 
#Degenerate primer was used at locus with SNP, Y=C/T, R=A/G. 
¶a GTTT tail sequence was added to the 5’ end of the primer. 





Figure 3-3. Allele frequencies of 9 flanking microsatellite markers in five 
populations. 
X-axis represents allele size (bp), and Y-axis represents allele frequency. Colored 
bars represent different populations, while black bars indicate the average of the five 
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Colored bars represent different populations, while black bars indicate the average of 




Figure 3-5. Percentage of individuals heterozygous for different numbers of 
microsatellite markers in 5 different populations. 
Colored bars indicate percentage of each population heterozygous for one or more 
panel markers, while black bars indicate the average percentage of the five 










































































































Figure 3-6. Percentage of individuals heterozygous for different numbers of 
upstream and downstream flanking microsatellite markers (n=454). 
X-axis represents number of heterozygous upstream markers observed in an 
individual, and Y-axis represents number of heterozygous downstream markers 
observed in an individual. Intra-deletion markers 16PTEL05 and 16PTEL06 were 
excluded. 
 
3.2.2. Direct point mutation detection by mini-sequencing and ARMS-
PCR 
The multiplex PCR panel 2 was further co-amplified with one HBA2 exonic 
fragment in a single reaction (panel 3) for subsequent point mutation detection 
by mini-sequencing and ARMS-PCR. Direct mutation detection was tested on 
single cells isolated from lymphoblastoid cell line GM04856 (αα/αα) and 
100pg genomic DNA of TH0466 (--/-αCS). As actual single cells that 
homozygous for Hb Constant Spring were not available, archived DNA 
sample TH0466 was used to prove the principle with the same PCR and 

















































Two alleles were detected for markers 16PTEL05 and 16PTEL06 with Y1 and 
HBA2 fragments in the GM04856 in line with its normal status, and only one 
allele was observed for marker 16PTEL05, marker 16PTEL06, Y1 fragment 
and HBA2 fragment in the TH0466 consistent with its compound heterozygous 
α0-thalassemia deletion and point mutation status (Figure 3-7A). Point 
mutations αCS (TER; T→C) was successfully analyzed by mini-sequencing 
and ARMS-PCR, and accurately genotyped. As shown in the results of mini-
sequencing (Figure 3-7B), one red peak representing thymine (T) was detected 
in GM04856, indicating the presence of normal allele (T). On the other hand, 
one black peak representing cytosine (C) was detected in TH0466, indicating 
the presence of mutant allele (C). For ARMS-PCR (Figure 3-7C), only one 
blue peak representing normal allele was detected in GM04856 in line with its 
normal status. Only one green peak representing mutant allele in TH0466 was 
detected, consistent with its heterozygote status consisting of α0-thalassemia 
deletion and a point mutation. No normal allele or mutant allele was detected 
in mutant sample (TH0466) or normal sample (GM04856) respectively, 
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and 16PTEL06 loci in the fetus is consistent with its compound heterozygous --SEA/--
FIL genotype. Left, haplotype phasing of this Hb Bart’s hydrops fetalis syndrome 
parent-fetus trio. Numbers shown for each microsatellite marker represent the 
detected allele sizes in base pairs. Dashes (-) denote absence of amplification product. 
Microsatellite markers are ordered from telomere (top) to centromere (bottom). 
Paternally and maternally-derived haplotypes of fetuses are shown on the left and the 
right, respectively. Dark color haplotypes linked to the mutant chromosome while 
light color haplotypes linked to the normal chromosome. Haplotype phase of the 
maternal --FIL and paternal --SEA deletions could be determined from genotype 
analysis of the flanking markers, with the exception of D16S525. The D16S521-
16PTEL03-HBA370-HBA572-HBA876-HBA950 haplotypes linked to the --FIL and --
SEA deletions are 395-166-485-257-383-435 and 379-162-482-255-379-429, 
respectively. 
 
3.2.4. Validation of haplotype-phasing for linkage-based disease 
diagnosis 
To evaluate the utility of the multiplex PCR assay for indirect preimplantation 
(or prenatal) diagnosis of Hb Bart’s hydrops fetalis syndrome by linkage 
analysis, multi-marker haplotypes were generated from archived DNAs of two 
αα/--SEA carrier couples and their previous pregnancies (Figure 3-9). In the 
first “predigree”, the haplotype phase of normal and mutant chromosome 
could be established using fetus 1 as an index case. The D16S521-16PTEL03-
HBA370-HBA572-HBA876-HBA950-D16S525 haplotypes linked to the 
parental --SEA deletions were 379-155-485-259-375-433-162 and 379-155-
485-259-387-439-182, respectively. Perfect concordance between the marker 
haplotypes and normal and deleted chromosomes was observed among the 
affected (fetus 1), unaffected (fetus 2 and 3), and carrier (fetus 4). In the 
second “pedigree”, a single recombinant haplotype was observed in the sole 
affected (fetus 1) sample, involving a crossover between markers HBA572 and 
HBA876. As there was another informative marker proximal to the 
recombination and closer to the α-globin gene cluster, the recombinant 
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HBA950 (Table S4). However, the genotypes of the remaining panel markers 
enabled unambiguous haplotype phasing of the normal (non-deleted) and 
mutant (deleted) chromosomes to be established. 
 
Direct deletion analysis using markers 16PTEL05 and 16PTEL06 revealed the 
presence of two alleles for both markers in embryos 3 and 4 indicative of an 
unaffected genotype (αα/αα), one allele per marker in embryos 1, 5 and 6 
indicating a carrier genotype (αα/--SEA), and no product for either marker in 
embryo 2 consistent with a --SEA/--SEA affected genotype (Figure 3-10). These 
results were supported by haplotype phasing of the flanking markers (Figure 
3-12). Except for embryo 3 for which results were based on only one 
blastomere, the blastomere pairs of each embryo showed complete 
concordance in their deletion genotypes and flanking marker haplotypes 
(Table S4). The two embryos 3 and 4 diagnosed as unaffected were transferred, 
resulting in a twin pregnancy and subsequent live-birth of two healthy baby 
girls. 
 
In PGD case B, two embryos were available for analysis, and all four 
blastomeres amplified successfully. ADO of HBA370 was detected in one 
blastomere of embryo 1, while one blastomere of embryo 2 had ADO of 
HBA572 (Table S4). Similar to PGD case A, the genotypes of the remaining 
panel markers were more than sufficient to generate unambiguous haplotypes 
in the embryos. Haplotype phase of the paternal and maternal deleted 
chromosomes was ascertained by linkage analysis of the marker genotypes in 




Deletion analysis using markers 16PTEL05 and 16PTEL06 revealed the 
presence of one allele per marker in embryo 2 indicating a carrier genotype 
(αα/--SEA), and no product for either marker in embryo 1 consistent with a --
SEA/--SEA affected genotype (Figure 3-11). These results were supported by 
haplotype phasing of the flanking markers (Figure 3-12). Analysis of the 
flanking markers revealed a paternally derived recombinant chromosome 16 in 
the affected embryo, also involving a crossover between markers HBA572 and 
HBA876. As both markers lie downstream of the α-globin gene cluster, the 
recombinant haplotype was still informative and consistent with a deleted 
chromosome 16. The embryo diagnosed as a carrier was transferred, which did 
not result in a pregnancy. 
 
Another two Hb Bart’s hydrops fetalis IVF-PGD cases C and D were 
performed using the multiplex single-tube panel 2 (Table S4). Two embryos in 
case C were identified as affected (--SEA/--SEA) and one had no diagnosis. No 
embryo was transferred. Two embryos in case D were identified as affected (--
SEA/--SEA), two as carriers (αα/--SEA), one as unaffected (αα/αα) and four had 
no diagnosis. The two carrier embryos were transferred, which did not result 
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established by the other blastomere of embryo 2. One small fragment of 
exogenous DNA contamination was detected at HBA876 locus in one 
blastomere of embryo 1, and haplotype phase was established by the other 
blastomere of embryo 1. Therefore, analyzable results were obtained for all 
three embryos. One blastomere had ADO of HBA370, and ADO of HBA876 
was observed in two blastomeres (Table S4). Similarly, the genotypes of the 
remaining panel markers were more than sufficient to generate unambiguous 
haplotypes in the embryos. Haplotype phase of the paternal and maternal 
deleted chromosomes was ascertained by linkage analysis of the marker 
genotypes as well as the Y1 fragment in a previous affected pregnancy and the 
parents (Figure 3-13). 
 
Direct deletion analysis using markers 16PTEL05 and 16PTEL06 and Y1 
fragment revealed the presence of two alleles for both markers and Y1 product 
in embryo 2 indicative of an unaffected genotype (αα/αα) or a carrier genotype 
(αα/-α3.7), one allele per marker and Y1 product in embryo 3 indicating a 
carrier genotype (αα/--SEA), and one allele per marker and no product of Y1 
fragment in embryo 1 consistent with a -α3.7/--SEA affected genotype (Figure 3-
13). Haplotype phasing of the flanking markers supported these results and 
further determined embryo 2 as a carrier of αα/-α3.7 (Figure 3-13). Both carrier 
embryos were transferred, a singleton pregnancy ensued, and a healthy baby 
girl was delivered. 
 
The second PGD case involved Hb H disease due to -α4.2/--SEA genotype (PGD 
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Although the gap-PCR method is frequently employed in Hb Bart’s hydrops 
fetalis syndrome PGD[78-82, 84, 86], different gap-PCR assays are required 
when couples carry different deletions, in order to detect the different deletion 
breakpoints (Figure 3-1). Assay optimization and validation are required each 
time, and deletion-specific customization of different deletions and linked 
markers is attempted. Gap-PCR assay design may also be subject to flanking 
sequence constraints, such as the presence of Alu repetitive sequence adjacent 
to a deletion junction. The high GC-content and sequence homology between 
the two α-globin genes (HBA1 and HBA2) further complicate the design of 
unique primers that discriminate between the HBA1 and HBA2 genes. These 
constraints may necessitate gap-PCR designs that produce large inefficiently 
amplified junction fragments with their associated higher dropout rates. 
Finally, PGD tests based on gap-PCR are unsuitable for linkage-based PGD of 
non-deletional α-thalassemia. 
 
Microsatellite-based PGD of Hb Bart’s hydrops fetalis syndrome that utilize 
intra-deletion marker 16PTEL05 with 16PTEL06, and multiplexed with one or 
two linked unlinked markers, has also been reported[77, 83]. Both 16PTEL05 
and 16PTEL06 markers may allow direct detection of the majority of reported 
α0-thalassemia deletions (Figure 3-1). However, an α-thalassemia carrier 
embryo (αα/--) cannot be differentiated from a normal unaffected embryo 
(αα/αα) when both husband and wife carry identical 16PTEL05 and 




Aside from 16PTEL05 and 16PTEL06, only three other closely-linked 
microsatellite markers have been used for PGD of Hb Bart’s hydrops fetalis 
syndrome (D16S521, 16PTEL03 and HBA876) (Table 1-3)[77, 78, 95]. 
Although other chromosome 16p markers have been reported in PGD (Table 
1-3)[78, 95], they are all located 1.5 Mb or more away from the α-globin gene 
cluster. Moreover, current reported multiplex-microsatellite PGD panels of α-
thalassemia contain maximum three linked markers[77]. This paucity of 
closely linked markers increases the probability of assay non-informativeness 
for many couples due to shared alleles, and hinders their use in confirmatory 
diagnosis of deletional α-thalassemia or in linkage-based PGD of non-
deletional α-thalassemia.  
 
The single cell multiplex PCR assay 3 contains nine polymorphic markers 
within 1 Mb of the HBA1 and HBA2 genes as well as Y1 and HBA2 fragments 
which may able to detect all common α0-thalassemia determinants listed in 
Figure 3-1. It can be applied to PGD of Hb Bart’s hydrops fetalis syndrome 
caused by virtually any combination of α-globin α0-thalassemia deletions 
without the need for deletion-specific customization, and is also useful for 
linkage-based PGD of non-deletional α-thalassemia. 
 
So far, PGD for Hb H disease also have been reported[77, 78]. The symptoms 
of Hb H disease vary from asymptomatic to severe anemia, and most 
individuals with Hb H disease are clinically mild. A genetic consultation is 
recommended for couple at-risk. Disease information including the incidence, 
natural history, symptom, existing treatment and management options will be 
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shared with the couple. Taken into consideration of the disease seriousness, 
the risk level of having an affected child, reproductive history and age of 
mother, suggestions would be given on a case by case basis. In most situations, 
PGD for Hb H disease is not required. But the final decision should be made 
by the at-risk couple. Our multiplex-microsatellite panel co-amplified together 
with an Y1 fragment can be applied to clinical PGD cases of Hb H disease 
(Figure 3-13 and 3-14). It is able to detect -α3.7 α+-thalassemia deletion by the 
Y1 fragment and -α4.2 α+-thalassemia deletion by marker 16PTEL05 directly.  
 
As far as we know, only one mini-sequencing assay has been developed for α-
thalassemia, detecting 7 common point mutations from genomic DNAs[173]. 
However, no assay has been developed for single cells diagnosis. In this study, 
a proof-of-principle of combining linkage analysis and mini-sequencing was 
carried out to detect Hb Constant Spring mutation which is a common non-
deletional mutation in Southeast Asia. The successful determination of Hb 
Constant Spring mutation (Figure 3-7B) demonstrates the utility of mini-
sequencing for single cell by amplification of exonic fragment in the first 
round PCR as well as multiple microsatellite markers. Existing mini-
sequencing primers[173] for different mutations could be applied to this panel, 
and therefore the re-design of primers for these mutations could be minimized. 
On the other hand, ARMS-PCR has been employed in α-thalassemia diagnosis 
for a long time and several assays have been developed based on genomic 
DNA[174-177]. However, most of these assays adopt gel electrophoresis to 
measure the PCR products, which is time-consuming. No ARMS-PCR assay 
has been developed for α-thalassemia using CE, and the high resolution of CE 
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may hinder the direct use of existing primers designed for gel electrophoresis. 
The unambiguous assignment of normal and mutant alleles (Figure 3-7C) 
demonstrates the high specificity of ARMS-PCR reaction. Results from both 
mini-sequencing and ARMS-PCR indicate that the single cell PCR assay can 
be used either for linkage analysis or in combination with direct mutation 
detection. 
 
In our single-tube PCR panel, the theoretical recombination frequency of any 
of the flanking markers with the α-globin gene cluster is assumed to be less 
than 1%[22]. The probability of having an ambiguous linkage analysis result 
due either to recombination with the HBA1 and HBA2 genes or to non-
informativeness of all nine highly polymorphic markers is thus expected to be 
very low. In the analysis of prenatal “pedigree” 2 as well as in PGD case B, a 
recombination was observed between markers HBA572 and HBA876 in fetus 1 
(Figure 3-9B) and embryo 1 (Figure 3-12B), respectively. However, because 
both markers lie downstream of the α-globin cluster, and because of the 
presence of another informative marker that was even closer to the deletion 
junction (HBA370), the recombinant haplotypes could still be unambiguously 
assigned to mutant chromosomes 16. Definitive haplotype phasing of the 
recombinant chromosomes would not have been possible if HBA370 and 
HBA572 had been uninformative, because that would have created uncertainty 
as to the location of the crossing over point. The availability of a set of highly 
polymorphic markers is therefore necessary if an assay is to be generally 
useful for linkage analysis. In our genotyping analysis of DNA samples from 
five different populations, we observed that in any one individual, at least 3 of 
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the nine markers in our panel were heterozygous (Figure 3-5), strongly 
suggesting a high likelihood of assay informativeness for most if not all 
couples, whether this assay is used for deletional or non-deletional α-
thalassemia PGD. 
 
When the multiplex PCR assay was performed on 100 single cells, all cells 
amplified at all marker loci, and very low individual marker ADO rates (0-5%) 
were observed (Table 3-2). An amplification efficiency of at least 90% and an 
ADO rate of less than 10% for each marker in a single-cell PCR reaction are 
recommended by ESHRE PGD Consortium[22]. Therefore, our panel is robust 
as a single-cell PCR assay. The use of multiple polymorphic markers also 
provides added redundancy such that the adverse effects of ADO of individual 
markers, i.e. ambiguous haplotypes and uninformative test results, is lessened 
or eliminated. When the marker panel is able to generate distinct haplotypes 
that distinguish between all four chromosomes 16 in a couple, it would even 
be possible to determine the origin/source of the normal and mutant 
chromosomes in an embryo (or fetus) based on the allele sizes of the markers 
(Figure 3-8, 3-9, 3-12, 3-13 and 3-14). Furthermore, these markers maximize 
the ability to detect exogenous, and especially maternal or paternal, DNA 
contamination, which could potentially lead to an error in diagnosis[26]. 
 
Although two-cell biopsy may lead to a lower pregnancy or live birth rate as 
compared to one-cell biopsy[178, 179], we have adhered to a two-cell biopsy 
protocol in order to increase diagnostic confidence through concordance 
analysis of the two cells. Two cells are removed only when an embryo has 6 or 
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more cells, which is in line with the recommendations of ESHRE PGD 
Consortium[180].  
 
These single-tube direct single cell assays require under 8 hours from sample 
PCR set-up to GeneScan results. Its rapid and streamlined protocol could 
potentially allow biopsied blastocysts to be transferred in the same IVF cycle 
on the evening of the same day, instead of the usual frozen cycle transfer 
routine. The assay can also be easily adapted to suit amplification from 
genomic DNA or products of whole genome amplification. 
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Chapter 4: Single cell assays for beta-thalassemia 
4.1. Introduction 
Bate (β)-thalassemia, an autosomal recessive disorder of hemoglobin synthesis 
caused by mutations in the β-globin (HBB) gene on chromosome 11p15.4, 
ranks as one of the commonest monogenic diseases worldwide, with a carrier 
prevalence of 1.5% globally[45]. It is highly prevalent within Central and 
Southern Asia, the Middle East, Northern Africa and the Mediterranean[43, 
45]. More than 200 non-deletional mutations of β-thalassemia have been 
described while deletional mutations are relatively uncommon[97]. Clinical 
symptoms of β-thalassemia vary from minor to major[181-183]. Cooley’s 
anemia or β-thalassemia major is the most severe form of β-thalassemia, with 
an estimated 23,000 affected births each year[184]. It is commonly caused by 
inheritance of the mutant copy of the HBB gene from both carrier parents, 
resulting in complete absence or a decrease of β-globin[56]. Currently, there is 
no effective cure for β-thalassemia, and patients with severe clinical symptoms 
usually require periodic blood transfusions. Affected pregnancies may be also 
associated with maternal complications.  
 
At-risk couples can avoid the birth of affected offspring by undergoing 
prenatal diagnosis, for which there is a 25% probability that the fetus is 
affected and pregnancy termination is required. To avoid an affected 
pregnancy altogether, at-risk couples can consider the option of in vitro 
fertilization (IVF) followed by preimplantation genetic diagnosis (PGD) of the 





Reverse dot blot (RDB), amplification refractory mutation system polymerase 
chain reaction (ARMS-PCR), real-time PCR and mini-sequencing have been 
commonly employed to detect the mutations in PGD of β-thalassemia[17]. 
However, such mutation-specific assays commonly need to be customized 
because different couples may be carriers for different mutations. The co-
amplification of different combinations of amplification primers and mutation-
specific probes generally require considerable optimization effort during assay 
development. Although linkage-based PGD is an alternative to direct mutation 
detection, either nested PCR or whole genome amplification (WGA) followed 
by individual marker PCR or couple-specific customized marker panels is 
required[78, 84, 85, 95, 120, 121, 124, 125, 127, 128, 130]. Up to seven 
microsatellite markers have been successfully co-amplified from a single 
cell[122-124, 129, 186]. In most cases, each couple would have to be screened 
against a panel of microsatellite markers to identify those that are informative. 
Also, some of the reported markers used in PGD can be located as far away as 
33 Mb from the HBB gene, and such markers can be associated with high 
marker-mutation recombination rates, which can lead to uninformative test 
results. 
 
In an effort to simplify linkage-based PGD of β-thalassemia, minimizing assay 
customization and maximizing assay utility and informativeness for every 
couple, we performed an in silico search to identify all potentially useful 
microsatellite markers located within 1 Mb of the HBB gene. Markers 
predicted to perform sub-optimally were filtered out. The remaining markers 
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were genotyped on 16 unrelated genomic DNAs to obtain a preliminary 
assessment of their polymorphism information content (PIC) and 
heterozygosity indices. Fifteen highly polymorphic markers located nearest to 
HBB were selected and optimized into a single-tube multiplex-PCR reaction 
(HBB4506, D11S988, HBB4677, D11S2362, HBB5089, D11S1243, HBB5138, 
HBB5178, HBB5205, D11S1760, HBB5576, HBB5655, HBB5820, HBB5859 
and D11S1338) as well as 4 HBB exonic fragments from a single cell. 
Genotype analysis of a larger cohort of genomic DNA samples from five 
populations confirmed the high PIC and heterozygosity values of all 15 
markers. This rapid, accurate and cost-effective single-tube test can potentially 
be applied to PGD of most β-thalassemia without the need for mutation-
specific customization. The multiplex single cell PCR assay can be used either 
for indirect linkage analysis or in combination with direct mutation detection 
including gap-PCR and mini-sequencing to increase diagnostic accuracy. It 
maximizes the likelihood of multiple informative linked markers in most 






4.2.1. Microsatellite markers within 1 Mb of the β-globin gene cluster 
One hundred and five microsatellites lying within 1 Mb of the β-globin gene 
were identified by in silico mining. Seventy three markers satisfied the first 
selection criteria (Table 4-1). Of these, eight microsatellites were excluded 
because of flanking sequence homology to other chromosomes. Another 
fourteen microsatellites were excluded due to their location within Alu repeats 
that precluded sequence-specific primer design. Forty-five markers were 
tested against an initial panel of several cell line DNAs and archived DNAs to 
exclude monomorphic markers. Following the preliminary screening, a further 
seventeen microsatellite markers (HBB4692, HBB4631, D11S1758, HBB4817, 
HBB4895, HBB4942, HBB5061, HBB5124, HBB5196, HBB5197, HBB5322, 
HBB5460, HBB5598, HBB5880, HBB5903, HBB6032 and HBB6196) with 
PIC <0.5 were excluded from further consideration. The final panel was 
selected from the remaining markers based on their polymorphism and 
informativeness values, as well as their amplicon sizes and distance from the 
HBB gene. Fifteen STR markers, of which five are established (D11S988, 
D11S2362, D11S1243, D11S1760 and D11S1338) and ten are novel 
(HBB4506, HBB4677, HBB5089, HBB5138, HBB5178, HBB5205, HBB5576, 
HBB5655, HBB5820 and HBB5859), were selected and optimized to co-
amplify in a single-tube PCR panel (Figure 4-1).  
 
This pentadecaplex PCR panel consists of 6 markers located upstream and 9 
downstream of the β-gene (Figure 4-1). The furthest marker (HBB4506) from 
the HBB gene is less than 0.74 Mb away and all other microsatellite markers 
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are comparatively closer. Using differentially labeled primers, each marker of 
the panel could be easily distinguished by its amplicon size range as well as its 
peak color after electrophoretic separation and laser detection using an 
automated genetic analyzer (Figure 4-1). The flanking markers serve to 
confirm bi-allelic inheritance of parental alleles, provide additional linkage-
based confirmation through haplotype analysis, and aid in monitoring PCR 
failure, ADO, and exogenous DNA contamination. In the case of β-
thalassemia caused by any mutation or deletion, the entire multiplex-marker 
panel can be used to generate haplotypes for linkage-based PGD so long as 





Table 4-1. In silico polymorphism index values of microsatellite markers found near the β-globin gene cluster identified by SSRHunter and Tandem 
Repeats Finder (TRF) 
No. Microsatellite* Location†  Relative position to the β-globin genes SSRHunter  TRF 
Repeats Repeats % match‡ Score§ 
1 HBB4459 4459334-4459357 3' flanking marker CA×12 ND ND ND 
2 HBB4506 4506056-4506100 3' flanking marker AC×18 AC×22.5 95 81 
3 D11S988 4539883-4539929 3' flanking marker TG×23 TG×23.5 100 95 
4 HBB4629 4629951-4629979 3' flanking marker ND AAACA×5.8 100 58 
5 HBB4631 4631993-4632020 3' flanking marker TG×14 TG×14 100 56 
6 HBB4677 4677645-4677682 3' flanking marker AC×19 AC×19 100 76 
7 HBB4683 4683557-4683597 3' flanking marker ND TCTTT×8 86 55 







9 HBB4688 4688583-4688633 3' flanking marker AC×12 CA×25.5 83 66 














12 D11S4181 4768062-4768107 3' flanking marker CA×23 CA×23 100 92 
13 HBB4786 4786110-4786129 3' flanking marker AC×10 ND ND ND 
14 HBB4796 4796978-4797017 3' flanking marker GA×12 GA×20 94 71 
15 HBB4817 4817052-4817101 3' flanking marker GA×14 GA×25 91 82 
95 
 
16 HBB4822 4822735-4822789 3' flanking marker TTTA×13 TTTA×13.8 100 110 
17 HBB4856 4856434-4856473 3' flanking marker AC×15 AC×20 94 71 
18 HBB4895 4895778-4895818 3' flanking marker GT×11 TG×22 85 61 
19 D11S2362 4912210-4912256 3' flanking marker AAT×15 AAT×15.7 100 94 
20 HBB4918 4918330-4918365 3' flanking marker AC×8 AC×9 AC×18 94 63 







22 HBB4942 4942604-4942648 3' flanking marker ND ATAAA×9 90 54 




TC×35.5 94 125 
24 HBB5017 5017896-5018027 3' flanking marker TTTC×12 TTTC×32.3 81 128 
25 HBB5019 5019420-5019466 3' flanking marker AC×21 CA×23.5 95 58 
26 HBB5040 5040914-5040952 3' flanking marker TG×19 TG×19.5 100 78 
27 HBB5061 5061232-5061266 3' flanking marker AAAT×8 AAAT×8.8 100 70 
28 HBB5089 5089636-5089669 3' flanking marker AC×17 AC×17 100 68 
29 D11S1243 5108987-5109029 3' flanking marker TG×21 TG×21.5 100 86 





31 D11S1871 5127029-5127090 3' flanking marker TG×15 TGTG×15.5 86 79 
32 HBB5138 5138375-5138415 3' flanking marker AC×20 AC×20.5 100 82 









34 D11S2352 5171444-5171479 3' flanking marker AC×18 AC×18 100 72 
35 HBB5178 5178609-5178637 3' flanking marker TG×14 TG×14.5 100 58 
36 HBB5196 5196920-5197049 3' flanking marker ND CCTTT×24.6 89 143 
37 HBB5197 5197750-5197802 3' flanking marker GT×9 TG×10 ND ND ND 
38 HBB5205 5205514-5205618 3' flanking marker AGAT×13 AGAT×26 92 120 
39 HBB5249 5249689-5249736 3' flanking marker ND AAAAT×10 82 64 
40 D11S4891 5250946-5250984 3' flanking marker AC×17 CA×20 94 71 
41 HBB5270 5270011-5270030 5' flanking marker CA×10 ND ND ND 
42 HBB5274 5274905-5274950 5' flanking marker CA×11 CA×23 90 56 
43 HBB5301 5301729-5301778 5' flanking marker AT×11 TA×8 AT×25 87 64 
44 HBB5322 5322045-5322082 5' flanking marker AT×11 AC×8 ND ND ND 
45 D11S1760 5384468-5384516 5' flanking marker CA×24 CA×24.5 100 98 
46 HBB5439 5439643-5439691 5' flanking marker ND AAAAC×9.8 82 57 
47 HBB5460 5460315-5460349 5' flanking marker CT×10 TC×17.5 88 54 
48 HBB5543 5543185-5543206 5' flanking marker AT×11 ND ND ND 
49 HBB5545 5545344-5545416 5' flanking marker AGAT×11 AGAT×18.8 91 123 
50 D11S4124 5559124-5559158 5' flanking marker GT×17 GT×17.5 100 70 
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GA×17.5 93 63 
53 HBB5620 5620608-5620650 5' flanking marker TATT×9 TTAT×10.5 95 77 







55 HBB5667 5667111-5667165 5' flanking marker AT×8 AT×27.5 84 74 
56 HBB5684 5684356-5684390 5' flanking marker AAAC×8 AAAC×8.8 100 70 
57 HBB5706 5706936-5706967 5' flanking marker ND AATAA×6.4 100 64 




















60 HBB5845 5845198-5845239 5' flanking marker ND CA×21 90 66 
61 HBB5859 5859948-5860004 5' flanking marker ATCT×11 TATC×14.3 96 105 
62 HBB5880 5880519-5880538 5' flanking marker AG×10 ND ND ND 
63 HBB5903 5903929-5903965 5' flanking marker TC×12 TC×18.5 88 56 
64 HBB5921 5921606-5921633 5' flanking marker AC×14 AC×14 100 56 
65 D11S1338 5988124-5988152 5' flanking marker AC×14 AC×14.5 100 58 
66 HBB6032 6032048-6032081 5' flanking marker TG×17 TG×17 100 68 
67 HBB6039 6039271-6039290 5' flanking marker TA×10 ND ND ND 
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70 HBB6127 6127845-6127873 5' flanking marker TA×14 TA×14 100 58 
71 HBB6152 6152632-6152665 5' flanking marker ND AAAAT×6.8 90 52 
72 HBB6175 6175615-6175657 5' flanking marker TTTA×10 TTTA×10.8 100 86 





Table 4-1. Continued 
No. Microsatellite* Alleles¶ Amplicon Size (bp)¶ 
Informativeness¶ Heterozygosity 
PIC He Ho MGS database Rutgers Map database 
1 HBB4459               
2 HBB4506 9 351-369 0.82 0.84 0.69     
3 D11S988 14 71-121 0.84 0.86 0.83 0.81 0.72 
4 HBB4629 1 249 0.00 0.00 0.00     
5 HBB4631 2 220-222 0.06 0.06 0.06     
6 HBB4677 15 154-192 0.89 0.90 0.89     
7 HBB4683               
8 HBB4684               
9 HBB4688               
10 HBB4694 5 230-242 0.50 0.59 0.60     
11 D11S1758 6 205-217 0.45 0.48 0.47 0.71 0.66 
12 D11S4181 7 388-404 0.71 0.75 0.80 0.81 0.79 
13 HBB4786               
14 HBB4796               
15 HBB4817 4 313-325 0.37 0.42 0.29     
16 HBB4822               
17 HBB4856 5 254-264 0.53 0.58 0.47     
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18 HBB4895 4 277-285 0.29 0.31 0.24     
19 D11S2362 8 80-101 0.76 0.79 0.57 0.81 0.78 
20 HBB4918               
21 D11S2351 7 273-287 0.77 0.80 0.71     
22 HBB4942 1 106 0.00 0.00 0.00     
23 HBB5008               
24 HBB5017               
25 HBB5019 7 340-354 0.80 0.82 0.80     
26 HBB5040 7 259-279 0.65 0.67 0.71     
27 HBB5061 4 361-373 0.46 0.50 0.47     
28 HBB5089 10 224-242 0.79 0.81 0.83     
29 D11S1243 9 217-237 0.71 0.74 0.69     
30 HBB5124 1 233 0.00 0.00 0.00     
31 D11S1871           0.73   
32 HBB5138 9 386-408 0.80 0.82 0.71     
33 HBB5140               
34 D11S2352 4 147-153 0.58 0.64 0.47     
35 HBB5178 12 143-169 0.82 0.84 0.71     
36 HBB5196 6 361-393 0.34 0.35 0.33     
37 HBB5197 4 239-247 0.43 0.50 0.36     
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38 HBB5205 11 388-422 0.79 0.81 0.69     
39 HBB5249               
40 D11S4891 3 125-129 0.53 0.60 0.47     
41 HBB5270               
42 HBB5274               
43 HBB5301 4 217-223 0.59 0.66 0.53     
44 HBB5322 3 176-190 0.31 0.34 0.40     
45 D11S1760 15 177-215 0.87 0.88 0.83 0.75 0.76 
46 HBB5439               
47 HBB5460 2 268-272 0.38 0.50 0.43     
48 HBB5543               
49 HBB5545 4 327-339 0.56 0.62 0.65     
50 D11S4124           0.67 0.65 
51 HBB5576 13 313-339 0.88 0.89 0.71     
52 HBB5598 4 268-274 0.46 0.55 0.73     
53 HBB5620               
54 HBB5655 8 266-280 0.80 0.82 0.71     
55 HBB5667 4 351-395 0.63 0.69 0.29     
56 HBB5684               
57 HBB5706               
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58 HBB5815               
59 HBB5820 7 295-309 0.69 0.72 0.57     
60 HBB5845               
61 HBB5859 9 366-384 0.83 0.85 0.77     
62 HBB5880 3 181-185 0.27 0.30 0.21     
63 HBB5903 2 239-243 0.25 0.29 0.21     
64 HBB5921 4 320-326 0.50 0.56 0.57     
65 D11S1338 7 123-135 0.79 0.81 0.60 0.74 0.73 
66 HBB6032 5 307-321 0.34 0.36 0.24     
67 HBB6039               
68 HBB6061               
69 D11S1241 5 255-265 0.69 0.72 0.14     
70 HBB6127               
71 HBB6152               
72 HBB6175               
73 HBB6196 2 292-294 0.22 0.25 0.29     
*Established microsatellite markers were named as their published names. Novel ones were named by the three letter acronym HBB, followed by a number 
that indicates the distance in kilo base pairs (kb) from chromosome 11p-telomere based on the GRCh37/hg19 assembly build (UCSC).  
†Distance in base pairs (bp) from chromosome 11p-telomere based on the GRCh37/hg19 assembly built (UCSC). 
‡Overall percentage of matches between adjacent copies as calculated by TRF. 
§Alignment score as calculated by TRF. 
¶Alleles and genotypes were determined from several archived DNAs and cell line DNAs. 
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ND indicates not determined. 
Grey highlighted microsatellite markers were excluded as they located in Alu sequence; red highlighted microsatellite markers were excluded as they 
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polymorphism, while D11S1338 showed the lowest. Expected heterozygosity 
(He) values ranged from 0.74 (D11S1338) to 0.90 (HBB5576), whereas the 
observed heterozygosity (Ho) ranged from 0.72 (D11S1338) to 0.88 (D11S988) 
(Table 4-2). Therefore, D11S988 was observed to be the most informative, and 
D11S1338 was the least informative in the panel. The average informativeness 
of all the microsatellite markers was greater than 0.79. Based on the results 
obtained, all fifteen markers were highly polymorphic and showed remarkable 
heterozygosity in all five populations.   
 
When the data were analyzed by population, population-specific differences in 
marker heterozygosity were also observed (Table S7 and Figure 4-3). In the 
Chinese population, both HBB4677 and D11S1760 were the most informative 
(Ho=0.90), whereas HBB5178 was the least informative (Ho=0.68). In the 
Malay population, markers D11S988 and HBB4677 were the most informative 
(Ho=0.88), and HBB5178 was the least (Ho=0.67). In the Indian population, 
HBB5576 was the most informative (Ho=0.88), whereas both HBB5820 and 
D11S1338 were the least (Ho=0.67). In the Caucasian population, the most 
informative markers were HBB4506 and D11S988 (Ho=0.85), and the least 
informative marker was D11S1338 (Ho=0.63). In the African-American 
population, HBB5576 was the most informative (Ho=0.92), whereas HBB5178 
was the least (Ho=0.74). Although these markers showed various degrees of 
informativeness, at least seven out of the 15 markers were heterozygous in 
99.8% (468/469) of the individuals genotyped, and most samples showed 
heterozygosity in 10-14 markers (Figure 4-4). All individuals were observed 
to be heterozygous for at least two markers on either side of the HBB gene, 
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except for two samples (Figure 4-5). Moreover, PIC values ranged from 0.62-
0.85, 0.65-0.85, 0.63-0.87, 0.62-0.86 and 0.69-0.91 for the Chinese, Malay, 
Indian, Caucasian and the African-American populations, respectively (Table 
S7). 
 
These results suggest that this highly polymorphic 15-marker panel contains 
sufficient marker redundancy so as to maximize informativeness when used as 
a standalone assay for indirect linkage-based PGD of β-thalassemia, or in 
conjunction with direct mutation detection for diagnostic confirmation. The 
data also suggest that the panel will be informative for couples from different 






Table 4-2. Microsatellite markers flanking the beta-globin gene cluster used in the multiplex PCR assay 
Name* Relative position to the β-globin gene Repeat Motif Primer Sequences (5'→ 3')† 
HBB4506 3' flanking marker (AC)n Hex-GTTTGACATATCTGTGAGGAAG  GTTTCAGCAAGTAAATAGGGCACTG¶ 
D11S988 3' flanking marker (TG)n Fam-GGACAAGAGAAAGTTGAACATACTG  GTTTCCACCATTTAAGATGCCAATAAGC¶ 
HBB4677 3' flanking marker (AC)n Hex-TGTAAAAGGGCCTCTAATCAG GTTTCACTGATATACAAATGGCAAAGTG¶ 
D11S2362 3' flanking marker (AAT)n Hex-CTTCCCTRATCTGGAATGAACTC
# 
GGGTTTCCCAGTCCTTTTAC  
HBB5089 3' flanking marker (AC)n Fam-CAATTTCCTTTTCTTCTCCCTATAC GTGAGTCTAGCATTTGTCTTGC 
D11S1243 3' flanking marker (TG)n Hex-CTGCCCTAATTCTGTCTACC GTTGTGCACYATGAAGATACAC# 
HBB5138 3' flanking marker (AC)n Hex-AGAAATGTCCTTTAGAGAAATACCTTC GTGGAGAGGAATCTRTTACTG# 
HBB5178 3' flanking marker (TG)n Fam-CGTAATTGCTTTCAGTACCATTTATG GATGTATTCGTCAACAGATAAATGG 
HBB5205 3' flanking marker (AGAT)n Fam-CCAGGGTAGGTGACATATAC GTAACTCAAAAAATGGGACCCAAAC 
D11S1760 5' flanking marker (CA)n Fam-ACCCTGAGTGTCTTCAAAACTC GTTTCCAAKACTGCTGCATCATGAC¶# 
HBB5576 5' flanking marker (AAGG)n Fam-TCCTTCAGGTAAGAAGGAGC CTTGAAGAGGCTAGGTGC 
HBB5655 5' flanking marker (AC)n(AT)n Fam-TCATTGTTTTGGTAGGTACTGAAAG AGTTGTAGTAAGTTTGTCAGGCTA 




HBB5859 5' flanking marker (ATCT)n Fam-CTGTCTATTTCATCTGTCAGCTTC GTTTAAAGTGTTGGCGTGAGC¶ 





Table 4-2. Continued 
Name* Conc. (μM) Alleles‡ PIC‡ He‡ Ho‡ Assay Efficiency
§ 
AFR (%) ADO (%) 
HBB4506 0.20 16 0.81  0.83  0.84  0 1.67  
D11S988 0.10 17 0.87  0.88  0.88  0 1.67  
HBB4677 0.15 18 0.85  0.86  0.85  0 1.67  
D11S2362 0.12 13 0.79  0.81  0.80  0 0.00  
HBB5089 0.06 12 0.80  0.82  0.80  0 0.00  
D11S1243 0.30 19 0.76  0.79  0.75  0 6.67  
HBB5138 0.40 13 0.74  0.77  0.74  0 3.33  
HBB5178 0.12 15 0.73  0.76  0.73  0 1.67  
HBB5205 0.15 13 0.80  0.83  0.84  0 0.00  
D11S1760 0.05 21 0.87  0.88  0.83  0 0.00  
HBB5576 0.20 24 0.89  0.90  0.85  0 1.67  
HBB5655 0.30 23 0.75  0.78  0.75  0 0.00  
HBB5820 0.25 11 0.72  0.75  0.73  0 0.00  
HBB5859 0.15 12 0.72  0.76  0.76  0 0.00  
D11S1338 0.10 11 0.70 0.74 0.72 0 1.67 
*Italicized markers are novel. 
†Based on genome assembly build GRCh37/hg19 (UCSC).  
‡Alleles and genotypes were determined from 469 DNA samples.  
§Values were determined from the analysis of 30 single lymphocytes from each of 2 cell lines (GM04856, GM10798). 
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¶a GTTT tail sequence was added to the 5’ end of the primer. 
#Degenerate primer was used at locus with SNP, R=A/G, Y=C/T, K=G/T. 





Figure 4-2. Allele frequencies of 15 flanking microsatellite markers in five 
populations. 
X-axis represents allele size (bp), and Y-axis represents allele frequency. Colored 
bars represent different populations, while black bars indicate the average of the five 
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Colored bars represent different populations, while black bars indicate the average of 




Figure 4-4. Percentage of individuals heterozygous for different numbers of 
microsatellite markers in five populations. 
Colored bars indicate percentage of each population heterozygous for one or more 
panel markers, while black bars indicate the average percentage of the five 
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Figure 4-5. Percentage of individuals heterozygous for different numbers of 
upstream and downstream flanking microsatellite markers (N=469). 
X-axis represents number of heterozygous upstream markers observed in an 
individual, and Y-axis represents number of heterozygous downstream markers 
observed in an individual. 
 
4.2.2. Direct mutation detection by gap-PCR and mini-sequencing 
The multiplex-microsatellite panel was further co-amplified with four HBB 
exonic fragments in a single reaction for subsequent point mutation detection 
by mini-sequencing and Δ619 bp deletion detection by gap-PCR (Figure 4-6). 
To evaluate single cell PGD suitability, the multiplex PCR assay was tested on 
single cells isolated from lymphoblastoid cell lines GM10798 (β/β) and 
GM07444 (IVSII 1/IVSII 1). 
 
For β-thalassemia caused by Δ619 bp deletion, the two primer pairs of exon 3 
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0.2% 0.6% 4.9% 6.0% 3.8%
1.1% 2.3% 7.9% 10.4% 4.3%
0.2% 1.3% 3.6% 7.5% 13.4% 5.3%
0.2% 1.1% 5.3% 5.8% 4.1%
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E3-R1 and HBB-E3-F2 lie within the deletion region of Δ619 bp. In the 
presence of a Δ619 bp deletion allele, primer E3-R1 and E3-F2 will be absent, 
and one shorter fragment will be amplified by E3-F1 and E3-R2 (137 bp). 
Therefore, an unaffected embryo will show two alleles (221 and 313 bp), a 
carrier embryo will show three alleles (221, 313 and 137 bp), and an affected 
(homozygous deleted) embryo will only show one allele (137 bp). 
 
All 15 markers were successfully amplified from single cells (Figure 4-7A), 
and point mutation (IVSII 1 G→A) was successfully analyzed and accurately 
genotyped by mini-sequencing (Figure 4-7B). Only one blue peak representing 
guanine (G) was detected in GM10798 lymphoblast in line with its normal 
status, and one green peak representing adenine (A) in GM07444 lymphoblast 
in line with its homozygous mutation status. 
 
 
Figure 4-6. Schematic representation of the beta-globin gene showing relative 
positions of HBB exonic primers. 
Fragments containing the common point mutation in the β-globin gene are amplified 
by four pairs of primers. Location of common point mutations and extents of Δ619 bp 
deletion are also shown.  
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4.2.4. Validation of haplotype-phasing for linkage-based disease 
diagnosis 
To evaluate the utility of the multiplex microsatellite panel for indirect 
preimplantation (or prenatal) diagnosis of β-thalassemia by linkage analysis, 
archived DNAs of four carrier couples and their previous pregnancies were 
tested (Figure 4-8). All flanking microsatellite markers amplified successfully 
and no ADO was detected in all samples. No evidence of exogenous DNA 
contamination was detected in any of the reactions. Multi-marker haplotypes 
were generated by linkage analysis (Figure 4-9). 
 
In the first “pedigree”, perfect concordance between the marker haplotypes 
and normal/mutant chromosomes was observed in the affected (fetus 1, IVSII 
654/-28) and carrier (fetus 2, β/IVSII 654). Nine markers (HBB4506, 
HBB5089, D11S1243, HBB5178, HBB5205, HBB5576, HBB5655, HBB5859 
and D11S1338) were partially informative, and six markers (D11S988, 
HBB4677, D11S2362, HBB5138, D11S1760 and HBB5820) were fully 
informative in this family. In the second “pedigree”, marker haplotypes 
generated by linkage analysis were consistent with the normal and mutant 
status in the affected (fetus 1, IVSII 654/IVSII 654) and normal (fetus 2, β/β) 
samples. One marker (HBB5205) was not informative and the other 14 
markers were partially informative. In the third “pedigree”, there was perfect 
concordance between the marker haplotypes and normal/mutant chromosomes 
status in affected (fetus 1, (CD41/42)/-28) and carrier (fetus 2, β/(CD41/42)) 
samples. Three markers (HBB4506, D11S988 and HBB5820) were fully 
informative while the rest were partially informative. In the forth “pedigree”, 
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two markers (D11S1760 and D11S1338) were fully informative, 12 markers 
were partially informative and one (D11S1243) was uninformative. Haplotype 
phase of the normal/mutant chromosomes could be established based on 14 
markers, and concordant results were observed in the affected (fetus 1, 
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Direct mutation detection is commonly employed in PGD of β-
thalassemia[106, 107, 112]. Assay customization is often necessary to detect 
different mutations carried by different at-risk couples. Even so, not all types 
of mutations may be amenable to direct mutation detection, and indirect 
mutation detection by analysis of closely linked polymorphic markers may be 
the only option in such situations. Furthermore, direct mutation detection is 
usually supplemented with analysis of linked polymorphic markers to increase 
diagnostic accuracy. Linked markers are thus an important component of PGD 
of single gene disorders in general. 
 
Although several microsatellite-based assays have been published for PGD of 
β-thalassemia[78, 84, 85, 95, 120-125, 127-130, 186], the number of reported 
linked markers are relatively few. Also, each new PGD case requires pre-
screening the couple with many markers to identify the informative few that 
will be used in clinical PGD. Such couple-specific pre-clinical customization 
requires considerable time and effort. In order to avoid multiple single marker 
PCR reactions during clinical PGD, additional time and effort must also be 
expended to multiplex the informative markers into a single-tube reaction. 
Furthermore, some published markers are located >1 Mb away from the HBB 
gene, which increases the probability of recombination between marker and 
the HBB gene, possibly leading to an indeterminate test result. Finally, the few 
reported closely linked (<1 Mb distance from HBB) microsatellite markers 




By combining 15 highly polymorphic microsatellite markers into a single-tube 
multiplex PCR panel, we have increased the probability of having a subset of 
markers that will be informative in any at-risk couple, thus significantly 
reducing the likelihood of requiring couple-specific customized markers or 
panels. Also, since all 15 markers lie within 1 Mb of the HBB gene, the 
probability of recombination between any marker and HBB is less than 1%, 
minimizing the possibility of obtaining indeterminate linkage results.  
 
Most existing PGD assays that include linked marker analysis employ nested-
multiplex PCR, or alternatively whole genome amplification (WGA) prior to 
multiple single marker PCR reactions. By multiplexing all 15 markers into a 
non-nested single-tube PCR reaction, the need to customize couple-specific 
multi-marker panels, perform nested PCR, or perform WGA followed by 
multiple single marker PCR reactions for each embryo, is avoided. 
 
Previously, the heterozygosity values of four markers (D11S988, D11S2362, 
D11S1760 and D11S1338) had been assessed[122, 166, 167, 186, 187]. Our 
present study represents the first detailed report on the allele frequency 
distribution and informativeness of 15 microsatellite markers closely linked to 
the HBB gene, in five different populations (Table S6, S7 and 4-2). For the 
few markers where published data was available, we did not observe any 
significant difference in the calculated heterozygosity values. The Ho values 
of all 15 microsatellite markers were very high, rendering our assay suitable to 
be used in any of the five populations tested.  At least seven out of the 15 
markers in our panel were observed to be heterozygous in 99.8% of the 
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individuals analyzed (Figure 4-4), strongly suggesting that this assay can be 
used for most if not all β-thalassemia at-risk couples. Although the degree of 
polymorphism and informativeness of microsatellite markers varies among 
populations, the differences were minimal and were such that in a comparison 
between any two population groups, a lower PIC or He/Ho value in one 
marker was accompanied by a higher PIC or He/Ho value in another marker. 
The results of archived prenatal samples have clearly demonstrated its 
application as well as its robustness in detecting β-thalassemia by linkage 
analysis. One can infer the haplotype phasing of the normal and mutant alleles 
through pedigree.  
 
Several mini-sequencing PGD assays have been developed so far using either 
WGA or nested PCR strategies[107-110]. Two of them amplify the fragments 
containing the mutation individually in the first round PCR, thus rendering 
these assays not suitable for couples with mutations that are far apart from 
each other. Another assay amplifies the whole β-globin gene in the first round 
PCR, but the amplification efficiency may not as good as small fragments. In 
this study, we amplify the 15 markers together with 4 HBB exonic fragments 
allowing the detection of point mutation synchronously from a single cell. 
These four fragments contain common mutations that account for 80% of β-
thalassemia determinants[43, 98] (Figure 4-6), suggesting that our single cell 
assay is able to detect most of the common mutations. A proof-of-principle of 
combining multiplex-microsatellite panel and mini-sequencing was carried out. 
The successful determination of IVSII 1 mutation (Figure 4-7) indicates that 
the multiplex single cell PCR assay can be used either for linkage analysis or 
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in combination with direct mutation detection by mini-sequencing. In theory, 
any mutation located in these amplified regions can be detected. Existing 
mini-sequencing primers[188] for different mutations could be applied to this 
panel, and therefore the customization for different couples could be 
minimized. 
 
In addition to its use as a standalone assay for indirect linkage-based PGD of 
β-thalassemia, or in conjunction with direct mutation detection for diagnostic 
confirmation, the single-tube PCR panel can serve other useful purposes, such 
as confirming the bi-allelic inheritance of parental alleles. Likewise, it will be 
able to detect exogenous DNA contamination through the presence of 3 or 
more alleles in one or more of the 15 markers. If undetected, exogenous DNA 
contamination can lead to serious misdiagnosis, especially for autosomal 
recessive disorders such as β-thalassemia. Furthermore, all fifteen markers 
showed ADO rates of 0-6.7%, which meet the requirement of a single-cell 
PCR assay[22]. Also, the multiplex panel provides a degree of marker 
redundancy to buffet the otherwise adverse effects of ADO of any specific 
marker. Finally, it can also be easily adapted to suit amplification from 
genomic DNA or products of whole genome amplification. 
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Chapter 5: Single cell assay for Fragile X syndrome 
5.1. Introduction 
Fragile X syndrome (FXS) is a genetic syndrome due to expansion of a 
polymorphic CGG triplet in FMR1 gene on chromosome X[189]. It is the 
leading cause of inherited intellectual disability, especially in boys. Affected 
males typically have more severe phenotypes than females, including autism, 
intellectual and developmental disability, social anxiety, attention deficit 
hyperactivity and other physical malformations[190, 191]. According to the 
CGG repeat number, FMR1 alleles can be categorized into 4 groups: normal 
(NL, 5-44), gray zone (GZ, 45-54), pre-mutation (PM, 55-200) and full 
mutation (FM, >200). Carrier of NL, GZ and PM alleles do not present any 
FXS symptom. However, PM alleles are unstable and have a strong tendency 
to expand to FM alleles upon maternal transmission within one generation, 
and thus pregnant women with these alleles have an increased risk of having 
pregnancies with FXS. The high PM frequencies (1 in 130-250 females and 1 
in 250-810 males[190]) even increase the likelihood. In such case, PND and 
PGD by sex selection only, which is usually employed for X-linked disorders, 
is not satisfactory. In addition to FXS-affected embryo, PM carrier embryo 
also should be avoided for transfer. Therefore, determination of normal/mutant 
phase of embryo is of paramount importance.  
 
Southern blot analysis, the gold standard molecular diagnostic method for 
FXS, cannot be used in PGD due to the limited biopsied sample. Direct 
detection by flanking PCR, a technique amplify across the CGG repeat region, 
is commonly employed for PGD of FXS[152-158]. It can only size non-
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expended alleles and small premutation alleles, thus rendering these assays 
only suitable for two third couples[144, 154]. An alternative method is triplet-
primed PCR (TP-PCR)[192]. Several studies[193, 194] based on genomic 
DNA have showed the ability of TP-PCR to exam the expended alleles. 
However, no clinical PGD case has been reported by using this method. 
Another approach used in PGD of FXS is microsatellite markers for linkage 
analysis. Although linkage-based PGD has been reported[154-158, 161, 162], 
either nested PCR or whole genome amplification (WGA) followed by 
individual marker PCR reaction is required in most situations. Up to four 
microsatellite markers have been successfully co-amplified from a single cell. 
Also, the limited number of established markers that are closely linked to the 
FMR1 genes increases the probability of assay non-informativeness for many 
couples, thus limiting their use in linkage-based PGD for FXS.  
 
To minimize assay customization and maximize assay utility for most couples, 
an in silico search for all microsatellite markers flanking the FMR1 gene 
within 1 Mb was performed. After a series of filtration, thirteen polymorphic 
microsatellite markers (FXS146320, FXS146374, DXS998, FXS146706, 
FXS146782, DXS548, FXS147120, DXS731, FXS147174, FXS147197, 
FXS147217, DXS1215 and FXS147275) were selected and optimized into a 
single-tube panel together with a fragment of the amelogenin gene. Genotype 
analysis of genomic DNA samples from three populations confirmed the 
reasonable PIC and heterozygosity values of these thirteen markers, 
demonstrating a high likelihood of assay informativeness for most FXS PGD 
cases. This panel enables indirect detection of FXS and gender determination 
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simultaneously. Besides, it can be analyzed in parallel with TP-PCR for FXS, 




5.2.1. Microsatellite markers within 1 Mb of the FMR1 gene  
One hundred and seventy microsatellites lying within 1 Mb of the FMR1 gene 
were identified by in silico mining. One hundred and forty two markers 
satisfied the first selection criteria (Table 5-1). Of these, ten markers were 
excluded due to their location within Alu repeats that precluded sequence-
specific primer design. A further eight more microsatellites were excluded 
because specific PCR primers could not be designed for them. Nineteen 
markers were chosen for the initial genotyping of several female cell line 
DNAs and archived DNAs based on the third level of microsatellite selection 
criterion involving the relative location of microsatellite marker with 
respective to the FMR1 gene, its repeat number and reported heterozygosity 
values. Among them, four microsatellite markers (FXS146371, FXS146479, 
FXS146811 and FXS147202) with low heterozygosity or PIC values were 
excluded from further consideration. Thirteen microsatellite markers were 
selected based on the location, heterozygosity and PIC values, and 
subsequently optimized to co-amplify in a single multiplex-PCR panel, 
consisting of 4 established markers (DXS998, DXS548, DXS731 and DXS1215) 
and 9 novel markers (FXS146320, FXS146374, FXS146706, FXS146782, 
FXS147120, FXS147174, FXS147197, FXS147217 and FXS147275). Initial 
genotyped indicated that these microsatellite markers possessed PIC values 
of >0.5 except DXS548. DXS548 was the most investigated marker locus for 
FXS and the closest upstream marker to the FMR1 gene among the selected 
markers. Also strong linkage disequilibrium between FMR1 (CGG)n repeat 
and the FRAXAC1-DXS548 haplotype has been reported[195]. All of these 
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suggest the importance of DXS548, and therefore it was included in the final 
panel. Another two established markers (DXS998 and DXS1215) were also 
included due to the considerable reported heterozygosity values and they are 
normally used by other PGD laboratories for FXS. In addition, DXS998, 
DXS548, DXS731 and DXS1215 were the four nearest established X-linked 
markers to the FMR1 gene. The multiplex-microsatellite panel consists of one 
amelogenin gene fragment, 6 markers located in the upstream of the FMR1 
gene and 7 in the downstream (Figure 5-1). The distance of the furthest marker 
(FXS146320) from the FMR1 gene is less than 0.67 Mb. Using differentially 
labeled primers, markers and the amelogenin gene fragment could be easily 
distinguished by their amplicon size range as well as peak color after 
electrophoretic separation and laser detection using an automated genetic 





Table 5-1. In silico polymorphism index values of microsatellite markers found near the FMR1 gene identified by SSRHunter and Tandem Repeats 
Finder (TRF)  
No. Microsatellite* Location†  Relative position to the FMR1 gene 
SSRHunter  TRF 
Repeats Repeats % matches‡ Score§ 
1 DXS297 146003984-146004025 5' flanking marker AC×21 AC×21 100 84 
2 FXS146007 146007979-146008024 5' flanking marker TG×23 TG×23 100 92 
3 FXS146021 146021328-146021405 5' flanking marker ND CTTC×19.8 83 81 
4 FXS146058 146058385-146058405 5' flanking marker TG×10 ND ND ND 
5 FXS146067 146067678-146067707 5' flanking marker CT×15 CT×15 100 60 
6 FXS146077 146077802-146077831 5' flanking marker TG×15 TG×15 100 60 
7 FXS146082 146082895-146082934 5' flanking marker GT×20 GT×20 100 80 
8 FXS146106 146106663-146106722 5' flanking marker CTTC×12 CCTT×15 96 111 
9 FXS146112 146112937-146112958 5' flanking marker AAT×7 ND ND ND 
10 FXS146113 146113743-146113777 5' flanking marker TAAA×6 TAAA×9 93 63 







12 FXS146130 146130354-146130376 5' flanking marker AC×11 ND ND ND 
13 FXS146133 146133863-146133889 5' flanking marker TG×13 TG×13.5 100 54 
14 FXS146143 146143302-146143322 5' flanking marker GT×10 ND ND ND 
15 FXS146169 146169892-146169926 5' flanking marker CA×17 CA×17.5 100 70 
16 FXS146175.6 146175617-146175647 5' flanking marker TG×15 TG×15.5 100 62 
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17 FXS146175.7 146175739-146175779 5' flanking marker TG×20 TG×20.5 100 82 
18 FXS147094 147094414-147094440 5' flanking marker TA×13 TA×13.5 100 54 
19 FXS146176.1 146176107-146176163 5' flanking marker TA×28 TA×28.5 100 114 
20 FXS146176.2 146176247-146176271 5' flanking marker AC×12 ND ND ND 
21 FXS146181 146181386-146181423 5' flanking marker TC×19 TC×19 100 76 
22 FXS146186 146186496-146186516 5' flanking marker GT×10 ND ND ND 
23 FXS146191 146191418-146191463 5' flanking marker CA×23 CA×23 100 92 
24 FXS146193 146193403-146193434 5' flanking marker CA×16 CA×16 100 64 
25 FXS146198 146198748-146198786 5' flanking marker AC×19 AC×19.5 100 78 







27 FXS146208 146208024-146208046 5' flanking marker TA×11 ND ND ND 
28 FXS146223 146223519-146223566 5' flanking marker TTTTA×8 TTTTA×9.4 97 87 
29 FXS146234 146234943-146234963 5' flanking marker TA×10 ND ND ND 













31 FXS146278 146278036-146278056 5' flanking marker AT×10 ND ND ND 
32 FXS146281 146281344-146281372 5' flanking marker TG×14 TG×14.5 100 58 
33 FXS146308 146308308-146308353 5' flanking marker TG×23 TG×23 100 92 









35 FXS146320 146320847-146320922 5' flanking marker CT×23 CT×38.5 92 127 














38 FXS146374 146374712-146374755 5' flanking marker AC×22 AC×22 100 88 
39 FXS146380 146380093-146380295 5' flanking marker ND TA×95 82 190 
40 FXS146427 146427246-146427268 5' flanking marker AT×11 ND ND ND 
41 FXS146430 146430467-146430574 5' flanking marker AT×29 AT×55.5 92 150 
42 FXS146479 146479624-146479752 5' flanking marker CCAT×12 TCCA×32.3 82 161 
43 FXS146522 146522386-146522457 5' flanking marker ND AT×36 82 54 
44 FXS146524 146524459-146524488 5' flanking marker TA×15 TA×15 100 60 
45 FXS146532 146532192-146532212 5' flanking marker AC×10 ND ND ND 
46 FXS146535 146535728-146535757 5' flanking marker CAAAA×6 CAAAA×6 100 60 
47 FXS146547 146547317-146547350 5' flanking marker CA×13 AC×17.5 93 61 
48 FXS146570 146570953-146570975 5' flanking marker AG×11 ND ND ND 







50 FXS146606 146606736-146606766 5' flanking marker AC×15 AC×15.5 100 62 
51 DXS998 146607950-146607983 5' flanking marker CA×14 CA×17 93 59 
52 FXS146611 146611204-146611224 5' flanking marker TA×10 ND ND ND 
53 FXS146633 146633719-146633799 5' flanking marker AT×15 AT×15.5 100 62 
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AC×18 AC×25.5 95 84 
54 FXS146645 146645712-146645743 5' flanking marker AC×12 AC×16 93 55 
55 FXS146649 146649765-146649814 5' flanking marker TTAT×12 TTAT×12.5 100 100 
56 FXS146661 146661490-146661538 5' flanking marker CA×24 CA×24.5 100 98 
57 FXS146671 146671698-146671742 5' flanking marker AC×22 AC×22.5 100 90 
58 FXS146684 146684355-146684395 5' flanking marker AC×20 AC×20.5 100 82 
59 FXS146706 146706199-146706244 5' flanking marker AC×23 AC×23 100 92 
60 FXS146727 146727442-146727538 5' flanking marker AC×11 AC×48.5 89 149 
61 FXS146741 146741270-146741305 5' flanking marker ND AATAA×7.2 87 56 
62 FXS146743 146743380-146743414 5' flanking marker AC×17 AC×17.5 100 70 
63 FXS146765 146765497-146765536 5' flanking marker AC×20 AC×20 100 80 
64 FXS146782 146782718-146782759 5' flanking marker AC×21 AC×21 100 84 
65 FXS146787 146787418-146787460 5' flanking marker TA×21 TA×21.5 100 86 
66 DXS548 146803567-146803609 5' flanking marker TG×18 GT×21.5 95 77 
67 FXS146811 146811910-146811940 5' flanking marker AC×15 AC×15.5 100 62 
68 FXS146837 146837652-146837672 5' flanking marker CA×10 ND ND ND 
69 FXS146864 146864964-146865005 5' flanking marker TAAAA×5 AAAAT×8.6 92 68 
70 FXS146867 146867743-146867863 5' flanking marker TC×10 ND ND ND 
71 FXS146883 146883985-146884016 5' flanking marker AAATA×5 AAATA×6.6 92 57 
72 FXS146895 146895701-146895721 5' flanking marker AG×10 ND ND ND 
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73 FXS146927.1 146927178-146927228 5' flanking marker ATAC×11 ATAC×12.5 95 93 
74 FXS146927.6 146927690-146927711 5' flanking marker TTA×7 ND ND ND 
75 FXS146947 146947187-146947214 5' flanking marker TC×14 TC×14 100 56 
76 FXS146986 146986348-146986384 5' flanking marker ND TG×18.5 94 65 
77 FXS146993.3 146993041-146993079 5' flanking marker ACCAA×6 ACCAA×7.8 97 69 
78 FXS146993.35 146993555-146993629 3' flanking marker CGG×20 GGC×25 90 116 
79 FXS147005 147005986-147006018 3' flanking marker TG×16 TG×16.5 100 66 
80 FXS147044 147044332-147044352 3' flanking marker TG×10 ND ND ND 
81 FXS147112 147112275-147112307 3' flanking marker ATTC×8 ATTC×8.3 100 66 
82 FXS147120 147120261-147120313 3' flanking marker AAAG×13 AAAG×13.3 100 106 
83 FXS147127 147127705-147127725 3' flanking marker AC×10 ND ND ND 
84 FXS147129 147129487-147129524 3' flanking marker GT×13 GT×19 94 67 
85 FXS147136 147136187-147136219 3' flanking marker TG×12 TG×16.5 93 57 
86 FXS147141 147141919-147141964 3' flanking marker ND TTTTC×7.8 86 53 
87 DXS731 147172488-147172540 3' flanking marker TG×16 TG×26.5 90 79 
88 FXS147174 147174888-147174933 3' flanking marker GT×23 GT×23 100 92 
89 FXS147197 147197594-147197654 3' flanking marker AAGG×10 AAGG×15.5 89 88 
90 FXS147202 147202559-147202591 3' flanking marker AC×16 AC×16.5 100 66 
91 FXS147213 147213104-147213168 3' flanking marker ND TA×32 84 67 
92 FXS147217 147217655-147217698 3' flanking marker CA×12 CA×22 100 88 
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93 FXS147224 147224718-147224749 3' flanking marker TA×16 TA×16 100 64 
94 DXS1215 147268703-147268751 3' flanking marker CA×14 AC×24.5 82 62 
95 FXS147275 147275126-147275178 3' flanking marker AC×26 AC×26.5 100 106 
96 FXS147286 147286916-147286969 3' flanking marker TG×27 TG×27 100 108 
97 FXS147297 147297684-147297712 3' flanking marker AC×14 AC×14.5 100 58 
98 FXS147301 147301592-147301632 3' flanking marker CA×20 CA×20.5 100 82 
99 FXS147388 147388512-147388532 3' flanking marker CA×10 ND ND ND 
100 FXS147392 147392009-147392043 3' flanking marker AC×17 AC×17.5 100 70 
101 FXS147397 147397708-147397748 3' flanking marker CT×20 CT×20.5 100 82 
102 FXS147422 147422597-147422629 3' flanking marker AC×16 AC×16.5 100 66 
103 FXS147424 147424204-147424340 3' flanking marker ND AAAG×34.8 85 134 
104 FXS147435 147435015-147435037 3' flanking marker TA×11 ND ND ND 
105 FXS147439 147439118-147439202 3' flanking marker ATAG×12 ATAG×21.3 95 107 
106 FXS147474 147474612-147474633 3' flanking marker AAC×7 ND ND ND 
107 FXS147482 147482631-147482651 3' flanking marker TG×10 ND ND ND 
108 FXS147504 147504782-147504818 3' flanking marker ND GAGGG×7.4 87 56 
109 FXS147532 147532879-147532924 3' flanking marker GT×20 GT×23 95 83 
110 FXS147533 147533783-147533821 3' flanking marker TG×19 TG×19.5 100 78 
111 FXS147558 147558294-147558345 3' flanking marker CA×26 CA×26 100 104 









113 DXS1691 147587465-147587506 3' flanking marker TG×15 GT×21 95 75 
114 DXS8091(DXS6687) 147602896-147602932 3' flanking marker CA×18 CA×18.5 100 74 







116 FXS147656 147656465-147656507 3' flanking marker TG×21 TG×21.5 100 86 
117 FXS147658 147658302-147658338 3' flanking marker TG×12 GT×18.5 94 65 
118 FXS147696 147696123-147696320 3' flanking marker TTTC×13 TCTT×47.8 84 227 
119 FXS147705 147705122-147705142 3' flanking marker AT×10 ND ND ND 
120 FXS147710 147710623-147710651 3' flanking marker TG×14 TG×14.5 100 58 
121 FXS147748 147748107-147748152 3' flanking marker AAAT×11 AAAT×11.5 100 92 







123 FXS147764 147764100-147764147 3' flanking marker TGGA×12 TGGA×12 100 96 
124 FXS147767 147767398-147767461 3' flanking marker ND TC×32 80 56 
125 FXS147781 147781944-147781986 3' flanking marker GT×21 GT×21.5 100 86 
126 FXS147782 147782537-147782577 3' flanking marker TG×20 TG×20.5 100 82 
127 FXS147785 147785741-147786056 3' flanking marker ND TA×158 83 227 
128 FXS147831 147831472-147831506 3' flanking marker TTTA×8 TTTA×8.8 100 70 
129 DXS8272 147837231-147837270 3' flanking marker ND TATC×10 94 71 
130 FXS147844 147844005-147844033 3' flanking marker TG×14 TG×14.5 100 58 









132 FXS147877 147877357-147877397 3' flanking marker AT×20 AT×20.5 100 82 
133 FXS147879 147879682-147879717 3' flanking marker ND GA×18 88 54 
134 FXS147904 147904229-147904263 3' flanking marker GT×17 GT×17.5 100 70 
135 FXS147905 147905585-147905626 3' flanking marker CT×12 CT×22 85 61 
136 FXS147916 147916030-147916072 3' flanking marker TG×21 TG×21.5 100 86 
137 FXS147921 147921419-147921466 3' flanking marker GT×21 GT×24 95 87 
138 FXS147926 147926630-147926679 3' flanking marker AC×15 CA×25 87 73 
139 FXS147977 147977101-147977128 3' flanking marker GT×14 GT×14 100 56 
140 FXS147978 147978752-147978859 3' flanking marker TA×25 TA×53.5 85 117 
141 FXS148002 148002134-148002179 3' flanking marker ND GT×23 86 56 





Table 5-1. Continued  
No. Microsatellite* Alleles¶ Amplicon Size (bp)¶ 
Informativeness¶ Heterozygosity 
PIC He Ho MGS database Rutgers Map database 
1 DXS297           0.66 0.66 
2 FXS146007               
3 FXS146021               
4 FXS146058               
5 FXS146067               
6 FXS146077               
7 FXS146082               
8 FXS146106               
9 FXS146112               
10 FXS146113               
11 FXS146129               
12 FXS146130               
13 FXS146133               
14 FXS146143               
15 FXS146169               
16 FXS146175.6               
17 FXS146175.7               
138 
 
18 FXS147094               
19 FXS146176.1               
20 FXS146176.2               
21 FXS146181               
22 FXS146186               
23 FXS146191               
24 FXS146193               
25 FXS146198               
26 FXS146207 7 409-427 0.6 0.7 0.5     
27 FXS146208               
28 FXS146223               
29 FXS146234               
30 FXS146270               
31 FXS146278               
32 FXS146281               
33 FXS146308               
34 FXS146311               
35 FXS146320 7 165-183 0.70 0.74 0.56     
36 FXS146325               
37 FXS146371 6 163-177 0.47 0.50 0.50     
139 
 
38 FXS146374 10 124-146 0.73 0.76 0.75     
39 FXS146380               
40 FXS146427               
41 FXS146430               
42 FXS146479 5 319-335 0.31 0.33 0.38     
43 FXS146522               
44 FXS146524               
45 FXS146532               
46 FXS146535               
47 FXS146547               
48 FXS146570               
49 FXS146593               
50 FXS146606               
51 DXS998 4 351-357 0.54 0.59 0.56 0.78 0.58 
52 FXS146611               
53 FXS146633               
54 FXS146645               
55 FXS146649               
56 FXS146661               
57 FXS146671               
140 
 
58 FXS146684               
59 FXS146706 9 107-125 0.78 0.80 0.75     
60 FXS146727               
61 FXS146741               
62 FXS146743               
63 FXS146765               
64 FXS146782 7 235-255 0.72 0.76 0.63     
65 FXS146787               
66 DXS548 5 336-348 0.43 0.48 0.31     
67 FXS146811 3 98-102 0.33 0.39 0.31     
68 FXS146837               
69 FXS146864               
70 FXS146867               
71 FXS146883               
72 FXS146895               
73 FXS146927.1               
74 FXS146927.6               
75 FXS146947               
76 FXS146986               
77 FXS146993.3               
141 
 
78 FXS146993.35               
79 FXS147005               
80 FXS147044 5 224-246 0.64 0.70 0.50     
81 FXS147112               
82 FXS147120 15 175-315 0.88 0.89 0.88     
83 FXS147127               
84 FXS147129               
85 FXS147136               
86 FXS147141               
87 DXS731 8 197-219 0.71 0.74 0.69     
88 FXS147174 10 266-284 0.80 0.82 0.75     
89 FXS147197 6 300-326 0.58 0.62 0.63     
90 FXS147202 3 169-173 0.46 0.54 0.56     
91 FXS147213               
92 FXS147217 9 232-248 0.67 0.70 0.63     
93 FXS147224               
94 DXS1215 3 318-322 0.55 0.63 0.50 0.74 0.55 
95 FXS147275 8 385-403 0.83 0.85 0.75     
96 FXS147286               
97 FXS147297               
142 
 
98 FXS147301               
99 FXS147388               
100 FXS147392               
101 FXS147397               
102 FXS147422               
103 FXS147424               
104 FXS147435               
105 FXS147439               
106 FXS147474               
107 FXS147482               
108 FXS147504               
109 FXS147532               
110 FXS147533               
111 FXS147558               
112 FXS147566               
113 DXS1691               
114 DXS8091(DXS6687)           0.87 0.8 
115 FXS147605               
116 FXS147656               
117 FXS147658               
143 
 
118 FXS147696               
119 FXS147705               
120 FXS147710               
121 FXS147748               
122 FXS147763               
123 FXS147764               
124 FXS147767               
125 FXS147781               
126 FXS147782               
127 FXS147785               
128 FXS147831               
129 DXS8272               
130 FXS147844               
131 FXS147855               
132 FXS147877               
133 FXS147879               
134 FXS147904               
135 FXS147905               
136 FXS147916               
137 FXS147921               
144 
 
138 FXS147926               
139 FXS147977               
140 FXS147978               
141 FXS148002               
142 FXS148016               
*Established microsatellite markers were named as their published names. Novel ones were named by the three letter acronym FXS, followed by a number 
that indicates the distance in kilo base pairs (kb) from chromosome Xp-telomere based on the GRCh37/hg19 assembly build (UCSC). 
†Distance in base pairs (bp) from chromosome Xp-telomere based on the GRCh37/hg19 assembly built (UCSC). 
‡Overall percentage of matches between adjacent copies as calculated by TRF. 
§Alignment score as calculated by TRF. 
¶Alleles and genotypes were determined from several archived DNAs and cell line DNAs. 
ND indicates not determined. 
Grey highlighted microsatellite markers were excluded as they located in Alu sequence, red highlighted microsatellite markers were excluded as specific 
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analyzed on the remaining 272 samples (Table 5-2, S9 and S10). In total, 157 
alleles were observed with 6-22 alleles observed for each marker. Allele 
frequencies ranged from 0.0018 to 0.8235. Alleles of these markers were 
differently distributed in the different populations, and population-specific 
alleles were observed (Table S9 and Figure 5-2). For example, alleles 116, 124 
and 126 of FXS146374 were only showed in the Indian population, whereas 
alleles 148, 150 and 152 were only showed in the Chinese population. Results 
from the 272 samples revealed that ten markers were highly polymorphic 
(PIC>0.5), and three markers were reasonably informative (0.5>PIC>0.25) 
(Table 5-2). Among these markers, FXS147275 was observed to be the most 
polymorphic, whereas DXS548 was the least polymorphic in the panel. Both 
He and Ho values ranged from a minimum of 0.31 (DXS548) to a maximum of 
0.87 (FXS147275). Therefore, FXS147275 was the most informative marker 
and DXS548 was the least informative. Although DXS548 was not as 
polymorphic as others, it was one of the most characterized marker and the 
closest established upstream marker to the FMR1 gene, and therefore was not 
excluded from this panel. The average informativeness of all markers was 
greater than 0.65. 
 
Population-specific differences in marker heterozygosity were also observed, 
to varying degrees (Table S10 and Figure 5-3). In the Chinese population, 
FXS147275 was the most informative (Ho=0.89), whereas DXS548 was the 
least (Ho=0.23). In the Malay population, FXS147275 showed the highest 
informativeness (Ho=0.90), and DXS548 showed the lowest (Ho=0.31). In the 
Indian population, FXS147120 and FXS147275 were the most informative 
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(Ho=0.83), whereas DXS548 was the least (Ho=0.39). Although various 
degrees of informativeness were observed for different markers, at least three 
of the thirteen markers were heterozygous in 99.6% of the 272 individuals 
genotyped (271/272) and 91% samples have 6-11 heterozygous markers 
(Figure 5-4). Furthermore, 96% individuals were observed to be heterozygous 
for at least two markers on either side of the FMR1 gene, except for eleven 
samples (Figure 5-5). Therefore, although some markers’ heterozygosity 
values were not very high, the whole multiplex-microsatellite panel has 













Motif Primer Sequences (5' → 3')
† Alleles‡ Conc. (μM) 
Amplicon 
Size (bp) ‡ PIC







FXS146320 5' flanking marker (CT)n 
Hex-AGGTTCCTATCTTGCTTATGGTC 
GTTTAACCTCGTGGATGGGAC¶ 17 0.20 146-188 0.72 0.76 0.75 0.00 0.00 
FXS146374 5' flanking marker (AC)n 
Fam-GTTATCTCCAACAACTGCATAAGTC 
GAGCTATATGGGTCCTGTAG 16 0.20 116-152 0.73 0.75 0.74 0.00 0.00 
DXS998 5' flanking marker (CA)n 
GAAGTATCTGTCATGCAAATTGATG 
Fam-CCAGGACTACTTAAAACTGTCC 6 0.15 340-358 0.50 0.54 0.49 0.00 0.00 
FXS146706 5' flanking marker (AC)n 
Hex-GCCATGCCACAAAACCTG 
TATGTTGTTGGTATTTGTAGGGTAC 10 0.40 109-127 0.61 0.64 0.66 0.00 3.33 




14 0.30 223-255 0.76 0.79 0.76 0.00 0.00 
DXS548 5' flanking marker (GT)n 
Ned-AGAATAGTCTCTGGGGTGG 
GTTTAGGGACACTGCTTTATTGAATGC¶ 11 0.30 326-348 0.29 0.31 0.31 0.00 0.00 
FXS147120 3' flanking marker (AAAG)n 
Ned-ATTTGAGAAGTTGATCATGACACTG 
GATTTGTTCATTCCTGTTTGAGGC 22 0.06 164-324 0.85 0.87 0.84 0.00 10.00 
DXS731 3' flanking marker (TG)n 
Hex-CTTTACACGTACTATATGACAGGC 
CTCCTCTAGCCTCATCAC 11 0.40 197-219 0.72 0.76 0.72 0.00 0.00 
FXS147174 3' flanking marker (GT)n 
Fam-ATAGCGGGCAGTAGATAGG 
GTTTGGTCAGGTAAGGGTGTG¶ 14 0.10 258-288 0.58 0.61 0.57 0.00 0.00 





CATTCCCTTGCCACTTTTCAC 6 0.12 309-325 0.47 0.56 0.57 0.00 3.33 
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FXS147217 3' flanking marker (CA)n 
Fam-TGGTGTAATAGTGGGACTTCAG 
GATTTTGACTGGGCATTAAGAGTC 10 0.20 222-248 0.71 0.75 0.73 0.00 0.00 




6 0.20 313-323 0.41 0.50 0.53 0.00 0.00 
FXS147275 3' flanking marker (AC)n 
Hex-CACGACCCTCTAGAAAGAC 
GCATATACTCAAAAGAGATGAAATCAC 14 0.60 372-406 0.86 0.87 0.87 0.00 13.33 
*Italicized markers are novel. 
†Based on genome assembly build GRCh37/hg19 (UCSC). 
‡Alleles and genotypes were determined from 272 DNA samples. 
§Values were determined from the analysis of 30 single lymphocytes from one cell line (GM10798). 
¶a GTTT tail sequence was added to the 5’ end of the primer. 
#Degenerate primer, S=C/G, V=A/C/G. 





Figure 5-2. Allele frequencies of thirteen microsatellite markers in three 
populations. 
X-axis represents allele size (base pairs), and Y-axis represents allele frequency. 
Colored bars represent different populations, while black bars indicate the average of 
the three populations (N=272). CH=Chinese, ML=Malay, IN=Indian. 
 
 
Figure 5-3. Observed heterozygosity of microsatellite markers in three different 
populations. 
Colored bars represent different populations, while black bars indicate the average of 
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Figure 5-4. Percentage of individuals heterozygous for different numbers of 
microsatellite markers in three populations. 
Colored bars indicate percentage of each population heterozygous for one or more 
panel markers, while black bars indicate the average percentage of the five 
populations (N=272). CH=Chinese, ML=Malay, IN=Indian. 
 
 
Figure 5-5. Percentage of individuals heterozygous for different numbers of 
upstream and downstream flanking microsatellite markers (N=272). 
X-axis represents number of heterozygous upstream markers observed in an 
individual, and Y-axis represents number of heterozygous downstream markers 
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5.2.2. Single cell validation 
To evaluate single cell PGD suitability, the single cell diagnostic assay was 
tested on 30 single lymphoblasts isolated from one normal lymphoblastoid cell 
line. GM10798 (NL/NL) was previously genotyped and determined to be 
heterozygous for all marker loci. Successful amplification of all 13 
microsatellite marker loci was observed in all 30 cells, with individual marker 
ADO rates ranging from 0-7% (Table 5-2). ADO was observed in 4 of 13 
markers.  
 
This single cell diagnostic assay was also tested on whole genome amplified 
single lymphoblasts isolated from six lymphoblastoid cell lines with different 
genders and genotypes. Successful amplification of all 13 microsatellite 
marker loci and the amelogenin gene was observed in all single cells, and no 
exogenous DNA contamination was detected. Only one allele was detected for 
each marker in male samples and one or two in female samples, which 
corroborated the results of sexing determination (Figure 5-6). The results 
demonstrated that this assay can be applicable in single cell platform, thus can 
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phasing of the normal and expansion chromosomes to be established. Multi-
marker haplotypes were generated according to the results of the multiplex-
microsatellite panel. Perfect concordance between the marker haplotypes and 
normal and expansion chromosomes was observed among the affected 
(embryo 4-5), carrier (embryo 3) and unaffected (embryo 1 and 2) (Figure 5-8). 
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Reported PGD tests of FXS commonly utilize flanking PCR to detect non-
expanded alleles with or without microsatellite markers to determine the 
haplotype phases[152-156, 158]. In flanking PCR, the amplification of large 
PM and FM alleles may be hindered by the high GC content of the repeat and 
surrounding sequences. The larger allele may also be refractory to PCR due to 
preferential amplification of the smaller allele in heterozygous samples. To 
avoid misdiagnosis due to the failure detection of PM or FM allele, only 
embryo diagnosed with one normal allele in male samples or two in female 
samples would be transferred, thus rendering these assays only suitable for 
two third couples with heterozygous repeats[154]. In such situations, indirect 
diagnosis by closely linked polymorphic markers may be the only option. 
Furthermore, unaffected embryos may be missed for transfer when allele drop-
out (ADO) occurs. Direct detection is usually supplemented with linked 
markers to monitor ADO and contamination, aiming to increase diagnostic 
accuracy.  
 
Although several linkage-based assays have been published for diagnosis of 
FXS, the number of reported closely linked markers are relatively few[135, 
154-158, 160-162, 196-200]. Some of these markers are located more than 1 
Mb away from the FMR1 gene, which may lead to an ambiguous result due to 
the increased probability of recombination between marker and the FMR1 
gene. Also, the application of current microsatellite-based PGD assays is 
usually restricted whenever the reported markers are found not informative in 
some of the at-risk carrier couples. This paucity of closely linked markers 
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increases the probability of assay non-informativeness for many couples due 
to shared alleles, and hinders their use in confirmatory diagnosis of FXS. This 
calls for the development of a panel with more informative microsatellite 
markers. For some assays, pre-screening is required for each PGD case and 
only informative markers will be used in the clinical PGD.  
 
We have increased the probability of having informative markers for any at-
risk couple as well as determining the gender by combining thirteen 
polymorphic markers and a fragment of the amelogenin gene into a single-
tube multiplex PCR panel, and thus significantly reduced the likelihood of 
assay customization. Also, the probability of recombination between any 
marker and the FRM1 gene is less than 1% as all thirteen markers lie within 1 
Mb of the FMR1 gene, minimizing the possibility of obtaining ambiguous 
linkage results. Most existing linkage-based PGD assays employ either nested-
multiplex PCR or WGA followed by individual PCR reactions. By 
multiplexing all thirteen markers into a non-nested single-tube PCR reaction, 
we avoid the performance of nested PCR or WGA followed by individual 
PCR, reducing diagnostic time. Besides, the small amplicon sizes of each 
marker ensure highly efficient amplification. In addition, single cell validation 
results have clearly demonstrated this assay’s ability as well as its robustness 
in detecting FXS at single cell level. Furthermore, our assay panel was 
designed with the capability to monitor for contamination simultaneously. 
These markers in the panel maximize the ability to detect exogenous, and 
especially maternal or paternal, DNA contamination, which could potentially 




So far, the heterozygosity values of three markers (DXS998, DXS548 and 
DXS1215) have been assessed. No information about the informativeness 
assessment of other marker in our panel has been reported. Here we reported 
the allele frequency distributions and informativeness of thirteen markers from 
three different populations for the first time (Table S9, S10 and 5-2). The 
polymorphism index values of some markers are not quite high such as 
DXS548 and DXS1215 (Table 5-2), but at least three of the thirteen markers in 
our panel were heterozygous in 99.6% individuals (Figure 5-4), strongly 
demonstrating that our assay have enough informative markers for most cases 
in these populations.  
 
This multiplex-microsatellite panel is able to be carried out from a single cell 
directly for linkage analysis with ADO rates ranging from 0-13.3% (Table 5-
2). Most markers meet the ADO requirement for a single-cell PCR assay[22] 
except one maker FXS147275. It may due to the largest amplicon size of 
FXS147275 compared to other markers in this panel. But such adverse ADO 
effect could be lessened by the multiple markers. This panel is also developed 
to work in parallel with one TP-PCR assay developed by my colleague, 
allowing direct and indirect expansion detection. As sufficient amount DNA is 
require for TP-PCR, the detection of FXS in our study employed WGA. Single 
cell validation that carried out on whole genome amplified single cell from 6 
cell lines with different genotypes (Figure 5-6) demonstrates that the multiplex 
assay can be used either for linkage analysis or in combination with direct 
mutation detection. Many studies[14, 201] have evaluated the utility and 
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performance of WGA on single cells with an estimated ADO rate of 30%. 
Hence, we only tested 3 single cells for each cell line to prove the principle. 
Although TP-PCR panel can only detect non-expended alleles and small 
premutation alleles, it can be replenished by the STR panel. 
 
Surprisingly, high ADO rates were observed in some NEQAS samples (Figure 
5-7), as both validation on single cell and whole genome amplified single cell 
in our study don’t show such high ADO. We suspect that it probably is caused 
by the poor quality of the blastomeres. Despite the ADO in some markers, the 
remaining markers were more than sufficient to generate unambiguous 
haplotypes in the embryos (Figure 5-8). As we can see, the use of multiple 
polymorphic markers provides added redundancy such that the adverse effects 
of ADO of individual markers, i.e. ambiguous haplotypes and uninformative 
test results, is lessened or eliminated. 
 
In this study, a new single-tube multiplex microsatellite-based assay 
containing thirteen highly polymorphic microsatellite markers and a fragment 
of the amelogenin gene was developed, and informativeness of each marker 
was assessed in three populations. The assay described here enables indirect 
detection of FXS simultaneously with gender determination, and maximizes 
the likelihood of multiple informative linked markers in most couples. The 
single cell assay can also be easily adapted to suit amplification from genomic 
DNA, single cell as well as whole genome amplified products. It offers a 
feasible solution to detect FXS indirectly in PGD as well as PND, with 
minimum assay customization.  
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Chapter 6: Conclusions 
6.1. Findings and implications 
6.1.1. Robust multiplex diagnosis assays for PGD 
In this study, several single-tube multiplex PCR assays have been developed 
and validated for PGD of α- and β-thalassemia and FXS. These multiplex 
single cell PCR assays can be used either for indirect linkage analysis or in 
combination with direct mutation detection to increase diagnostic accuracy. 
 
The employment of fluorescent PCR amplification followed by post-PCR 
methods, which is considered as the gold standard in PGD[22], makes these 
assays more sensitive in detecting alleles from a single cell. The use of 
multiplex PCR in our study makes the diagnosis assays time-saving and labor-
saving. Besides, both direct and indirect detection could be carried out from 
one single cell using multiplex PCR, increasing diagnosis accuracy. When 
ADO occurs, the linkage phase still could be generated from remaining 
markers. Furthermore, contamination could be monitored simultaneously. In 
short, the strategies used in our assay reduce the risk of misdiagnosis[26]. 
 
Another major advantage of linkage-based PGD assays is that the 
customization for different couples could be minimized. Although multiplex 
assays[92, 107] are available for direct mutation detection currently, only 
several certain mutations are involved. In contrast, mutation phase is 
determined by linkage analysis in our assays, and therefore they are 
particularly useful when a faulty gene is pinpointed but causative/candidate 
mutation remains unknown. Some other multiplex linkage-based PGD assays 
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also have been reported[77, 124, 161], but they don’t have as many closely 
linked markers as ours. Sufficient microsatellites in our assays minimize the 
likelihood of non-informativeness for some couples. For linkage analysis, the 
short turnaround time from PCR set-up to electropherogram results (8h) also 
potentially allows for same-cycle transfer after blastocyst biopsy. 
 
For direct mutation detection, α-thalassemia assay can detect single and α0-
thalassemia deletion by 16PTEL05, 16PTEL06, Y1 and HBA2 fragments, and 
point mutation by mini-sequencing and ARMS-PCR. Both α- and β-
thalassemia assays can cooperate with current existing mini-sequencing 
assays[173, 188] to detect point mutation. FXS assay can be used either for 
indirect linkage analysis or in combination with one TP-PCR assay developed 
by our lab. When other simpler direct mutation detection is available, our 
assays are still useful and can be used to confirm direct detection results, 
especially when ADO occurs for direct detection. They also can monitor PCR 
failure, ADO, and DNA contamination simultaneously. 
 
Adequate assay validations on single cells make these assays more reliable as 
single cell PCR is quite sensitive to the changes of PCR components and 
conditions.  
 
Current cost of PGD cycles is quite considerable which may explain why PGD 
is not world-widely used. It mainly involves the cost of manpower and 
reagents for assay development and validation. As a result, our validated 




Above all, this study offers a feasible solution to detect α- and β-thalassemia 
and FXS, with minimum customization for different couples. These pre-
optimized and validated assays could shorten the whole procedure of PGD 
significant, especially the preparation stage. 
 
6.1.2. Alternative diagnosis assays for postnatal, prenatal diagnosis 
Single-tube multiplex PCR assays in this study are also optimized for use on 
genomic DNA and whole genome amplified products, which could be used as 
alternative diagnosis assays for postnatal and prenatal diagnosis. 
 
6.1.3. A systematic protocol for identifying linkage markers and 
developing linkage-based PGD assays  
This study also developed a systematic and comprehensive protocol for 
identifying linkage markers and developing linkage-based PGD assays (Figure 
2-1). This protocol turned out to be accuracy and comprehensive for 
identifying novel microsatellite markers. The distance between marker and 
gene located is expected less than 1MB, thus reducing the misdiagnosis rate 
due to chromosome recombination. Moreover, the comprehensiveness can be 
attributed to the combination of SSRHunter and TRF. The result of TRF might 
not be exhaustive as some sequences might not be detected by internal 
statistical tests[202] while SSRHunter can only detect perfect matched repeats. 
The combination of them eliminates the pitfalls of their inherent characteristic. 
This protocol also illustrates assay optimization, assay validation as well as 
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how to cooperate with direct detection methods, which could be applied to 
other diseases. 
 
Above all, this protocol has major implications for developing and optimizing 
multiplex-microsatellite assays for any other inherited monogenic disorders. 
 
6.2. Limitations 
However, we cannot deny that assays in this study also have some limitations. 
First, few couples may totally not informative at all marker loci, even though 
the portion is very less. In such case, we can either try other markers in Table 
3-1, 4-2 and 5-1, or use direct detection methods. Second, at least one affected 
or normal sample is required to get the linkage phase for linkage analysis. We 
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Table S1. Population screening data of nine markers flanking the α-globin gene cluster from 480 DNA samples 
Plate well no. D16S521 16PTEL03 16PTEL05 16PTEL06 HBA370 HBA572 
CH-1 A01      379 379 156 161 279 283 220 226 485 485 253 255 
CH-1 A02 377 377 156 156 275 275 222 222 485 503 259 261 
CH-1 A03 377 377 154 158 275 279 220 222 483 483 255 259 
CH-1 A04 377 389 154 156 273 279 222 234 482 482 257 259 
CH-1 A05 379 389 154 161 277 194 230 114 486 508 257 259 
CH-1 A06 393 395 163 163 277 277 202 202 483 483 253 255 
CH-1 A07 377 377 161 161 281 281 228 230 483 483 253 257 
CH-1 A08                         
CH-1 A09 379 389 156 163 277 279 202 220 482 514 255 255 
CH-1 A10 377 389 154 158 279 283 222 224 482 502 253 257 
CH-1 A11 377 389 152 158 277 279 202 220 483 485 253 255 
CH-1 A12 379 379 154 154 273 275 222 230 483 503 255 259 
CH-1 B01 379 391 154 156 273 273 226 228 483 483 255 259 
CH-1 B02 377 377 152 154 275 275 202 224 483 487 259 261 
CH-1 B03 379 393 158 161 279 283 202 222 483 504 255 261 
CH-1 B04 379 393 163 167 279 283 224 228 483 483 255 259 
CH-1 B05 379 379 156 161 277 279 202 222 483 486 259 259 
CH-1 B06 379 379 156 161 279 283 222 228 485 504 255 259 
CH-1 B07 379 379 156 156 279 279 222 222 485 485 253 255 
CH-1 B08 379 393 156 163 275 277 202 220 485 487 251 261 
CH-1 B09 379 381 154 154 275 275 222 224 493 503 255 263 
177 
 
CH-1 B10 379 393 156 163 275 283 224 232 482 482 255 263 
CH-1 B11 377 389 152 154 273 277 202 228 482 482 255 259 
CH-1 B12 377 377 156 163 279 279 220 220 483 483 255 261 
CH-1 C01 379 379 156 158 279 281 216 220 483 483 257 259 
CH-1 C02 379 379 156 161 275 277 220 224 502 516 255 255 
CH-1 C03 379 393 161 163 277 283 202 228 483 483 255 255 
CH-1 C04 379 379 154 161 275 283 220 228 483 503 255 259 
CH-1 C05 393 393 154 163 273 275 202 228 486 503 253 261 
CH-1 C06 379 381 154 161 283 283 220 228 483 483 255 255 
CH-1 C07 383 391 152 154 273 277 226 226 483 483 255 259 
CH-1 C08 379 379 154 156 275 275 224 226 482 514 255 257 
CH-1 C09 379 393 152 161 275 277 202 230 483 485 253 259 
CH-1 C10 379 379 152 161 277 279 202 236 482 482 255 261 
CH-1 C11 377 379 156 158 279 279 222 228 483 485 253 255 
CH-1 C12 391 393 156 161 275 277 202 222 483 483 255 259 
CH-1 D01 379 381 156 163 277 281 220 224 482 482 253 257 
CH-1 D02 379 391 152 156 275 279 220 224 483 483 259 259 
CH-1 D03 393 395 156 161 273 275 216 224 483 483 259 261 
CH-1 D04 379 391 156 163 277 279 202 220 484 485 255 259 
CH-1 D05 379 393 154 154 273 277 220 228 482 482 255 257 
CH-1 D06 379 393 154 154 273 273 226 228 483 514 255 255 
CH-1 D07 379 393 152 154 273 275 222 230 482 484 259 259 
CH-1 D08 379 393 154 158 277 194 202 114 483 486 257 257 
CH-1 D09 379 393 154 154 273 277 202 228 482 485 255 255 
CH-1 D10 379 379 156 161 281 281 220 228 482 482 255 255 
178 
 
CH-1 D11 381 393 154 161 275 277 202 214 482 487 257 259 
CH-1 D12 379 393 154 156 273 275 224 226 482 482 255 259 
CH-1 E01 379 379 156 161 279 283 222 228 482 503 253 259 
CH-1 E02 379 379 154 154 277 279 202 220 484 487 255 259 
CH-1 E03 383 393 152 161 275 279 224 228 503 514 253 255 
CH-1 E04 379 393 161 165 277 279 202 220 483 486 255 259 
CH-1 E05 379 379 158 161 279 283 202 228 483 503 257 259 
CH-1 E06 379 391 152 156 277 279 202 220 483 483 253 255 
CH-1 E07 379 393 156 163 277 281 202 228 483 503 255 259 
CH-1 E08 379 381 154 158 277 281 220 228 482 482 255 261 
CH-1 E09 379 391 163 163 277 283 202 226 483 483 255 257 
CH-1 E10 379 379 154 163 275 283 224 226 482 484 255 257 
CH-1 E11 393 393 165 165 277 277 202 202 486 486 253 255 
CH-1 E12 379 389 163 163 275 277 224 226 482 482 253 255 
CH-1 F01 379 391 154 158 275 275 226 228 483 503 255 259 
CH-1 F02 379 393 154 158 275 283 222 224 487 502 259 259 
CH-1 F03 379 393 161 161 273 283 226 228 485 502 259 259 
CH-1 F04 389 393 161 161 277 279 202 224 483 503 257 259 
CH-1 F05 389 393 152 161 277 279 202 220 483 485 255 257 
CH-1 F06 379 379 154 161 275 277 220 222 483 502 255 259 
CH-1 F07 393 393 161 167 277 279 202 220 485 503 255 255 
CH-1 F08                         
CH-1 F09 393 393 161 167 269 277 202 224 483 503 253 259 
CH-1 F10 389 395 158 163 277 277 202 202 485 503 253 259 
CH-1 F11 377 377 154 163 273 275 228 232 482 482 253 259 
179 
 
CH-1 F12 379 379 156 158 277 283 202 228 482 486 255 259 
CH-1 G01 379 389 156 156 279 279 218 220 481 483 255 261 
CH-1 G02 379 379 156 161 279 283 220 228 483 483 249 255 
CH-1 G03 379 389 154 161 273 279 220 226 483 485 253 257 
CH-1 G04 379 391 161 163 273 283 226 230 482 488 255 259 
CH-1 G05 379 391 156 163 277 279 202 222 484 485 255 255 
CH-1 G06 379 379 154 161 273 277 202 228 483 483 253 253 
CH-1 G07 379 379 154 163 277 283 202 228 483 483 253 259 
CH-1 G08                         
CH-1 G09 389 389 152 156 277 279 218 220 482 502 255 255 
CH-1 G10 379 393 152 154 275 279 220 222 482 482 253 261 
CH-1 G11 379 393 161 169 271 277 202 218 483 503 255 255 
CH-1 G12 381 393 154 163 275 277 202 220 486 508 255 255 
CH-1 H01 379 389 154 161 273 283 226 228 483 483 255 259 
CH-1 H02 379 383 154 154 275 194 224 114 486 487 257 257 
CH-1 H03 391 393 158 161 279 283 222 230 483 503 253 259 
CH-1 H04 379 393 152 158 275 277 220 228 483 485 255 259 
CH-1 H05 393 397 152 161 277 283 202 220 486 503 255 257 
CH-1 H06 379 393 152 163 275 277 202 224 486 487 253 261 
CH-1 H07 379 393 158 158 273 277 220 226 483 483 255 259 
CH-1 H08 379 393 163 163 277 279 202 222 482 482 255 261 
CH-1 H09 379 379 154 161 273 283 226 238 485 504 253 259 
CH-1 H10 379 379 154 154 275 279 204 226 482 482 255 255 
CH-1 H11 391 393 158 158 277 283 202 226 482 482 259 261 
CH-1 H12 379 389 156 161 279 279 220 220 483 485 253 259 
180 
 
ML-1 A01      379 379 154 154 273 275 202 232 485 503 257 259 
ML-1 A02                         
ML-1 A03 379 389 156 167 277 277 202 228 482 503 253 255 
ML-1 A04                         
ML-1 A05 391 393 154 156 265 279 218 222 482 486 255 267 
ML-1 A06 389 391 152 161 277 279 202 220 482 503 259 261 
ML-1 A07                         
ML-1 A08 379 393 161 163 281 283 222 228 482 502 255 255 
ML-1 A09                         
ML-1 A10 377 391 151 161 277 283 228 258 483 485 253 259 
ML-1 A11                         
ML-1 A12 377 389 152 156 277 279 220 226 485 503 259 261 
ML-1 B01 379 395 154 161 273 283 224 226 482 486 259 261 
ML-1 B02 377 377 154 156 275 277 202 222 482 503 257 257 
ML-1 B03 379 379 152 154 277 277 202 202 482 485 259 261 
ML-1 B04 379 381 154 163 273 279 220 228 482 505 253 255 
ML-1 B05 379 393 154 154 275 277 202 226 484 503 255 255 
ML-1 B06 379 389 154 158 273 279 222 234 483 503 259 261 
ML-1 B07 379 393 163 165 277 277 220 220 482 482 253 255 
ML-1 B08 389 395 156 158 273 277 218 228 483 486 255 257 
ML-1 B09 377 391 154 163 279 279 220 228 483 486 259 259 
ML-1 B10 377 377 154 154 273 277 202 224 483 503 253 261 
ML-1 B11 377 389 154 154 277 283 202 228 502 502 255 259 
ML-1 B12 377 391 152 158 277 277 202 228 482 488 255 255 
ML-1 C01 379 391 154 161 271 273 202 224 482 485 255 257 
181 
 
ML-1 C02                         
ML-1 C03 379 391 152 154 275 277 226 228 482 482 255 255 
ML-1 C04 379 393 161 161 277 279 202 220 484 503 259 259 
ML-1 C05 389 391 158 163 273 279 202 228 503 503 261 263 
ML-1 C06 379 379 154 154 273 273 202 224 483 483 255 261 
ML-1 C07 377 391 154 154 271 277 218 224 484 484 255 255 
ML-1 C08 389 391 152 161 279 279 220 224 482 515 255 259 
ML-1 C09 379 379 154 161 271 275 220 226 483 504 255 255 
ML-1 C10 379 379 154 163 275 277 220 222 483 483 253 255 
ML-1 C11 379 393 154 158 279 285 224 234 483 485 253 255 
ML-1 C12 379 379 154 161 277 279 220 222 482 503 255 255 
ML-1 D01 379 391 154 156 273 279 222 228 484 502 253 255 
ML-1 D02 379 379 154 156 273 275 226 228 482 503 255 255 
ML-1 D03 379 389 154 158 273 275 222 228 482 503 257 261 
ML-1 D04 379 393 161 161 273 283 226 228 485 503 259 261 
ML-1 D05 379 379 154 154 273 273 228 232 483 484 253 259 
ML-1 D06 379 393 161 161 277 277 202 232 483 483 259 259 
ML-1 D07 379 383 154 156 275 279 220 228 483 503 255 259 
ML-1 D08 379 381 150 158 275 279 222 224 483 483 251 259 
ML-1 D09 379 379 156 163 279 279 220 220 482 487 255 259 
ML-1 D10 387 393 154 156 277 277 202 218 483 483 249 255 
ML-1 D11 379 391 154 163 277 281 220 234 482 482 253 255 
ML-1 D12 379 393 154 163 275 277 202 226 486 486 253 255 
ML-1 E01 379 379 156 163 279 281 220 246 482 505 255 259 
ML-1 E02 379 379 156 161 279 283 222 228 482 502 253 259 
182 
 
ML-1 E03 379 391 154 169 277 279 216 224 482 482 255 259 
ML-1 E04 379 393 158 161 277 283 222 228 482 482 257 259 
ML-1 E05 379 379 154 156 275 279 220 226 503 503 255 257 
ML-1 E06 379 379 154 163 275 279 222 224 483 503 253 259 
ML-1 E07 379 379 154 154 277 277 202 228 486 487 255 257 
ML-1 E08 379 393 156 161 279 283 220 228 482 482 253 255 
ML-1 E09 379 379 154 161 273 279 224 232 482 482 255 255 
ML-1 E10 379 379 154 163 273 275 224 226 485 503 259 259 
ML-1 E11 379 379 154 154 275 279 222 228 482 482 257 261 
ML-1 E12 379 389 152 158 273 277 226 228 504 504 255 261 
ML-1 F01 379 391 148 156 275 277 202 222 482 503 255 259 
ML-1 F02 379 391 152 161 279 279 220 222 482 482 259 261 
ML-1 F03 383 391 152 154 275 279 220 224 482 503 259 261 
ML-1 F04 379 391 152 152 279 281 220 228 482 503 259 261 
ML-1 F05 379 379 156 161 273 279 222 228 482 502 257 261 
ML-1 F06 379 393 154 161 275 275 208 226 483 486 255 255 
ML-1 F07 389 393 158 161 273 277 202 220 482 504 255 255 
ML-1 F08 379 391 154 161 275 279 220 224 482 482 255 259 
ML-1 F09 379 391 151 163 273 277 226 228 482 502 253 255 
ML-1 F10 379 393 154 163 194 194 232 114 482 504 255 255 
ML-1 F11 379 379 154 154 273 275 222 230 485 503 257 259 
ML-1 F12 391 393 154 158 271 273 222 226 483 483 255 255 
ML-1 G01 379 379 154 158 275 275 202 224 482 482 255 255 
ML-1 G02 379 389 152 161 273 279 220 230 482 484 255 261 
ML-1 G03 379 391 152 154 275 275 220 226 482 487 259 261 
183 
 
ML-1 G04                         
ML-1 G05 379 391 152 156 279 279 220 220 482 482 255 259 
ML-1 G06 379 379 156 156 279 283 220 232 484 504 255 259 
ML-1 G07 379 379 154 156 275 279 222 224 482 482 253 255 
ML-1 G08 379 379 154 154 273 273 228 232 483 484 253 259 
ML-1 G09                         
ML-1 G10                         
ML-1 G11 379 379 154 154 273 279 222 230 502 502 255 259 
ML-1 G12 379 393 154 156 279 279 218 222 485 503 255 257 
ML-1 H01                         
ML-1 H02 379 391 156 156 279 279 220 228 483 483 257 259 
ML-1 H03 391 393 150 163 279 281 202 232 482 503 255 257 
ML-1 H04 377 377 156 161 279 283 222 228 483 483 259 259 
ML-1 H05 379 393 148 161 275 277 202 222 482 482 255 259 
ML-1 H06 375 379 148 153 275 275 222 224 482 487 255 259 
ML-1 H07                         
ML-1 H08 377 379 158 161 275 283 224 232 483 483 255 255 
ML-1 H09 377 389 156 156 279 279 202 222 485 502 253 259 
ML-1 H10 377 377 154 154 275 281 222 224 485 506 255 255 
ML-1 H11 377 389 154 154 279 281 228 228 484 487 255 257 
ML-1 H12                         
IN-1 A01      379 389 161 161 271 279 218 220 483 483 255 255 
IN-1 A02 379 379 161 163 271 283 220 226 484 504 255 255 
IN-1 A03 379 391 158 158 277 279 218 220 483 512 255 257 
IN-1 A04                         
184 
 
IN-1 A05 379 391 152 165 277 283 228 228 483 504 253 257 
IN-1 A06 391 391 156 161 271 277 202 220 483 505 249 257 
IN-1 A07 379 393 156 161 271 277 202 220 484 505 253 253 
IN-1 A08 393 393 156 165 275 277 202 228 486 504 255 255 
IN-1 A09 379 395 158 161 271 275 222 224 483 483 255 255 
IN-1 A10 377 377 156 161 271 275 218 224 483 512 255 255 
IN-1 A11 379 381 161 163 271 279 218 220 483 505 255 257 
IN-1 A12 377 391 153 161 275 277 202 220 483 483 255 259 
IN-1 B01 379 397 158 163 275 277 218 224 483 512 255 255 
IN-1 B02 379 379 154 161 271 277 218 226 484 503 253 255 
IN-1 B03 379 379 156 161 275 281 224 232 483 504 253 255 
IN-1 B04 379 391 154 156 273 279 220 232 483 486 259 259 
IN-1 B05 379 393 154 161 275 275 208 222 483 486 257 257 
IN-1 B06 389 393 161 161 275 279 218 220 483 486 253 255 
IN-1 B07 389 391 156 163 273 283 222 228 486 486 259 261 
IN-1 B08 379 391 154 156 277 279 218 228 486 502 253 257 
IN-1 B09                         
IN-1 B10 377 393 156 158 273 277 202 224 483 504 255 259 
IN-1 B11 379 391 154 163 271 279 216 224 486 504 253 253 
IN-1 B12 379 379 154 163 275 275 222 222 486 504 255 259 
IN-1 C01 379 391 154 154 275 277 216 218 483 506 255 255 
IN-1 C02 379 393 158 161 271 277 202 220 484 485 255 257 
IN-1 C03 379 395 154 161 275 277 208 230 483 483 255 255 
IN-1 C04 391 391 154 154 275 277 202 222 504 504 253 255 
IN-1 C05 391 391 156 158 277 277 202 218 486 512 257 261 
185 
 
IN-1 C06 379 379 153 154 273 275 228 228 486 503 253 255 
IN-1 C07 379 395 156 161 275 275 224 226 486 506 253 255 
IN-1 C08 381 387 158 161 275 277 202 226 486 512 253 257 
IN-1 C09 379 379 154 158 271 277 222 224 504 504 255 259 
IN-1 C10 379 393 161 161 275 279 228 230 486 503 249 255 
IN-1 C11 379 391 154 163 275 275 222 224 483 486 255 255 
IN-1 C12 379 379 158 163 271 275 222 224 504 504 255 255 
IN-1 D01 375 379 154 154 275 275 222 230 486 504 253 259 
IN-1 D02 379 379 154 161 271 277 218 218 483 483 255 255 
IN-1 D03 393 395 154 158 275 277 202 208 485 505 253 259 
IN-1 D04 379 379 154 163 271 277 202 218 484 506 255 257 
IN-1 D05 379 393 153 163 275 275 220 230 454 487 255 257 
IN-1 D06 391 395 154 154 273 279 218 226 478 486 255 255 
IN-1 D07 379 395 156 161 273 277 218 222 483 486 253 253 
IN-1 D08 379 389 154 161 275 277 202 224 506 512 255 255 
IN-1 D09 379 391 156 161 271 279 218 220 483 486 255 259 
IN-1 D10 391 391 154 156 277 277 202 220 485 485 255 255 
IN-1 D11 391 391 154 158 279 279 218 220 483 486 257 259 
IN-1 D12                         
IN-1 E01 391 395 154 165 275 279 208 224 485 485 253 259 
IN-1 E02 379 393 154 161 273 275 216 228 504 504 257 257 
IN-1 E03 379 379 156 163 275 279 224 224 483 486 255 257 
IN-1 E04 379 391 154 161 277 281 202 202 486 504 255 257 
IN-1 E05 379 393 161 161 271 271 218 218 486 512 249 255 
IN-1 E06 379 379 154 161 271 275 216 218 483 483 255 255 
186 
 
IN-1 E07 379 399 158 158 271 279 202 218 483 508 255 257 
IN-1 E08 379 395 154 163 275 277 202 218 483 512 255 255 
IN-1 E09 379 395 153 163 275 275 210 222 486 486 255 257 
IN-1 E10 379 391 156 161 275 275 208 224 483 504 253 255 
IN-1 E11 379 391 154 161 271 275 218 224 504 512 255 261 
IN-1 E12 379 379 153 161 275 275 224 224 486 506 255 255 
IN-1 F01 379 379 154 154 275 277 220 222 483 485 259 259 
IN-1 F02 379 389 154 158 275 281 224 226 483 506 249 255 
IN-1 F03 379 389 156 163 275 279 220 224 485 494 257 263 
IN-1 F04 379 391 153 156 277 279 224 228 483 488 255 255 
IN-1 F05 379 391 158 158 271 277 218 220 483 483 255 255 
IN-1 F06                         
IN-1 F07 381 393 156 163 273 277 202 228 486 504 253 257 
IN-1 F08 393 393 163 163 281 283 228 230 505 512 255 255 
IN-1 F09 379 391 158 158 277 279 202 220 487 496 255 257 
IN-1 F10 379 379 148 161 275 283 222 226 485 504 251 255 
IN-1 F11 379 393 156 165 271 277 204 216 483 486 255 257 
IN-1 F12 379 389 153 153 273 281 222 230 486 486 255 257 
IN-1 G01 379 391 153 165 273 277 202 230 484 484 255 255 
IN-1 G02 379 379 154 161 271 275 218 228 486 504 255 263 
IN-1 G03 379 391 154 156 275 281 224 238 486 512 255 255 
IN-1 G04 391 391 150 154 277 277 218 218 486 504 253 255 
IN-1 G05 391 395 153 161 275 279 202 210 483 486 259 259 
IN-1 G06 379 379 161 163 265 271 218 222 484 486 255 255 
IN-1 G07 379 391 156 161 277 283 220 226 503 503 253 255 
187 
 
IN-1 G08 379 391 154 156 279 283 224 226 486 486 255 259 
IN-1 G09 379 395 153 154 275 277 210 218 486 502 259 259 
IN-1 G10                         
IN-1 G11 379 391 156 165 275 283 224 226 504 504 257 259 
IN-1 G12 379 391 154 156 275 279 220 224 484 504 257 261 
IN-1 H01 379 391 156 165 273 283 228 232 483 504 251 253 
IN-1 H02 391 395 161 169 271 275 216 220 483 483 255 259 
IN-1 H03 377 391 153 156 275 279 220 222 486 504 255 259 
IN-1 H04 379 391 154 154 273 275 222 224 483 504 255 255 
IN-1 H05 379 389 154 154 275 275 220 226 486 508 255 255 
IN-1 H06 379 379 151 156 275 281 220 224 486 488 253 261 
IN-1 H07 379 395 161 165 271 273 220 230 483 504 255 259 
IN-1 H08 391 391 154 163 275 277 226 228 483 504 253 255 
IN-1 H09 377 377 154 161 275 277 218 220 486 504 253 255 
IN-1 H10 379 379 154 161 271 277 202 220 484 506 255 257 
IN-1 H11 379 391 153 161 279 281 218 224 504 514 253 255 
IN-1 H12 379 379 154 156 277 277 202 218 483 483 259 261 
CA-1 A01      379 381 151 158 275 279 224 228 505 510 257 259 
CA-1 A02 389 405 156 167 279 279 218 232 483 509 251 257 
CA-1 A03 387 391 153 158 273 279 202 228 483 511 255 259 
CA-1 A04 389 395 154 156 275 279 224 232 502 510 257 259 
CA-1 A05 379 389 158 158 277 279 220 232 486 490 249 253 
CA-1 A06 379 391 161 175 275 277 224 224 507 507 257 257 
CA-1 A07 379 379 153 169 275 275 218 224 504 506 249 261 
CA-1 A08 379 389 154 158 271 281 220 232 490 514 257 257 
188 
 
CA-1 A09 377 381 158 173 277 279 222 230 505 515 251 257 
CA-1 A10 379 395 156 156 273 277 222 222 486 515 255 259 
CA-1 A11 377 389 153 163 281 281 222 228 486 512 255 261 
CA-1 A12 389 395 148 163 275 277 208 220 492 502 255 255 
CA-1 B01 379 393 153 163 275 275 220 226 483 490 255 257 
CA-1 B02 377 377 153 158 279 281 202 220 483 488 255 255 
CA-1 B03 377 389 161 173 275 281 226 228 490 515 257 261 
CA-1 B04 391 393 153 161 271 281 218 218 483 512 257 257 
CA-1 B05 373 385 154 169 275 287 222 224 505 505 259 259 
CA-1 B06 379 391 156 161 277 277 220 222 505 510 257 257 
CA-1 B07 389 393 161 169 275 279 214 218 508 508 255 257 
CA-1 B08 383 391 154 165 271 287 212 220 483 518 251 257 
CA-1 B09 379 393 158 163 271 279 202 218 483 513 255 257 
CA-1 B10 379 385 153 154 279 287 218 222 502 512 257 257 
CA-1 B11 379 399 151 158 275 277 222 228 483 504 255 261 
CA-1 B12 379 379 158 163 271 271 220 220 516 525 255 257 
CA-1 C01 379 389 156 161 277 277 224 232 510 510 249 251 
CA-1 C02 379 383 161 165 279 281 220 228 509 509 253 255 
CA-1 C03 375 385 154 165 277 277 228 232 490 507 251 257 
CA-1 C04 379 379 167 195 271 277 220 228 509 511 251 257 
CA-1 C05 379 393 154 167 275 275 210 222 504 508 249 259 
CA-1 C06 379 389 153 172 277 279 230 232 507 512 255 261 
CA-1 C07 379 395 156 156 277 279 202 220 484 484 255 255 
CA-1 C08                         
CA-1 C09 381 393 156 173 277 281 222 222 482 488 255 257 
189 
 
CA-1 C10 381 389 154 167 273 279 232 234 483 490 255 259 
CA-1 C11 379 393 156 163 277 279 220 222 502 502 253 255 
CA-1 C12 389 393 156 161 277 277 222 226 509 509 249 255 
CA-1 D01 379 379 151 163 273 281 206 224 483 510 255 257 
CA-1 D02 379 379 153 167 279 281 218 226 493 503 255 255 
CA-1 D03 379 379 153 156 277 285 224 228 490 493 255 257 
CA-1 D04 387 391 154 161 275 277 224 226 493 511 251 257 
CA-1 D05 391 393 163 163 275 279 202 226 483 508 255 257 
CA-1 D06 379 381 158 167 277 279 224 226 505 505 255 257 
CA-1 D07 389 389 156 156 277 279 220 232 504 512 255 259 
CA-1 D08 385 389 158 167 275 279 228 236 487 487 255 257 
CA-1 D09 379 379 158 173 277 281 202 214 483 509 255 255 
CA-1 D10 379 381 161 193 273 279 222 228 502 504 253 255 
CA-1 D11 379 391 161 161 271 277 202 218 483 513 255 255 
CA-1 D12 381 393 156 158 275 279 228 238 490 505 255 257 
CA-1 E01 379 389 156 172 271 275 220 228 490 492 249 255 
CA-1 E02                         
CA-1 E03 379 379 163 163 273 277 202 212 505 508 255 255 
CA-1 E04 379 393 158 163 273 275 218 226 483 504 255 259 
CA-1 E05 383 395 154 154 273 279 218 224 483 492 255 257 
CA-1 E06 379 385 156 169 277 279 222 234 490 515 259 261 
CA-1 E07 391 393 163 167 275 279 218 228 508 512 251 257 
CA-1 E08 389 391 154 154 271 277 222 226 511 511 257 259 
CA-1 E09 379 379 153 158 277 277 218 228 505 512 257 259 
CA-1 E10 379 379 153 169 275 277 228 230 488 493 251 257 
190 
 
CA-1 E11 379 391 154 158 275 283 202 236 505 505 255 255 
CA-1 E12 379 379 158 163 275 277 224 226 483 490 249 255 
CA-1 F01 379 393 163 169 277 279 216 218 478 492 255 257 
CA-1 F02 383 393 165 167 277 279 202 218 493 503 255 257 
CA-1 F03 379 379 151 158 275 281 228 228 505 511 255 257 
CA-1 F04                         
CA-1 F05 379 395 156 161 275 285 224 228 487 510 249 257 
CA-1 F06 377 399 161 161 275 279 206 228 510 512 257 257 
CA-1 F07 379 381 161 189 285 285 228 228 490 510 257 259 
CA-1 F08 379 389 156 161 275 279 202 218 510 512 259 259 
CA-1 F09 379 379 154 167 275 285 228 228 490 512 251 267 
CA-1 F10 389 395 156 161 275 281 222 224 486 509 255 255 
CA-1 F11 379 391 161 163 277 281 202 220 483 506 257 257 
CA-1 F12 381 389 153 158 275 281 226 228 483 505 255 257 
CA-1 G01 379 391 153 156 275 277 202 224 502 505 255 257 
CA-1 G02 379 387 165 169 275 277 224 228 490 510 257 257 
CA-1 G03 389 399 158 165 279 281 206 212 507 510 251 257 
CA-1 G04 379 393 163 167 277 283 218 224 490 515 255 259 
CA-1 G05 379 389 153 161 275 275 212 224 508 512 255 255 
CA-1 G06 379 379 158 169 277 279 218 224 493 504 255 257 
CA-1 G07 389 389 154 167 271 279 222 234 505 511 257 259 
CA-1 G08 389 389 154 167 271 279 222 234 505 511 257 259 
CA-1 G09 379 379 156 161 277 281 214 224 509 509 255 257 
CA-1 G10 379 393 158 161 275 277 226 228 493 515 245 257 
CA-1 G11 379 389 156 167 279 285 220 228 487 508 255 257 
191 
 
CA-1 G12 381 389 153 158 275 281 226 228 483 505 255 257 
CA-1 H01 381 389 156 161 275 277 202 228 483 513 255 261 
CA-1 H02 379 379 161 167 281 285 214 228 483 510 251 255 
CA-1 H03 383 391 156 161 275 277 224 226 483 513 249 259 
CA-1 H04 373 393 167 167 277 279 218 224 492 512 255 257 
CA-1 H05 375 379 156 161 271 277 220 224 490 512 255 255 
CA-1 H06 379 389 163 167 275 275 224 228 490 508 259 261 
CA-1 H07 385 389 167 172 271 275 214 228 504 509 249 259 
CA-1 H08 373 385 154 172 277 291 222 230 502 512 251 253 
CA-1 H09 389 389 154 169 275 285 220 232 483 512 249 253 
CA-1 H10 381 391 153 161 279 279 224 228 490 511 257 257 
CA-1 H11 379 389 165 173 277 277 224 224 483 493 251 257 
CA-1 H12 379 379 156 161 275 275 224 228 490 506 251 255 
AA-1 A01      391 391 154 158 277 281 202 220 483 490 255 255 
AA-1 A02 379 391 154 158 271 273 226 230 483 512 255 257 
AA-1 A03                         
AA-1 A04 391 395 156 158 273 277 218 222 483 483 255 255 
AA-1 A05 389 391 156 161 273 281 222 228 483 486 255 255 
AA-1 A06 379 379 161 161 271 277 202 220 505 512 255 255 
AA-1 A07 379 391 154 156 277 277 202 202 483 483 255 255 
AA-1 A08 393 393 161 161 277 277 202 218 505 513 257 257 
AA-1 A09 393 397 154 163 277 279 202 218 483 499 255 255 
AA-1 A10 395 397 154 156 277 279 202 220 483 483 255 255 
AA-1 A11 379 393 158 161 275 281 202 226 483 503 255 257 
AA-1 A12 379 391 154 154 277 277 222 224 483 483 255 257 
192 
 
AA-1 B01 379 379 158 158 277 277 202 220 483 483 255 255 
AA-1 B02 379 379 154 158 271 275 220 220 483 483 255 255 
AA-1 B03 379 391 154 161 275 275 220 226 504 504 255 257 
AA-1 B04 379 393 161 161 271 277 218 220 504 504 257 259 
AA-1 B05 391 391 161 161 277 277 202 220 483 513 255 257 
AA-1 B06 379 391 154 154 273 277 202 224 483 507 255 255 
AA-1 B07 379 379 161 161 271 277 202 216 483 483 255 255 
AA-1 B08 379 389 154 161 275 281 218 220 483 503 255 255 
AA-1 B09 379 391 158 161 273 277 202 218 504 504 255 259 
AA-1 B10 391 393 154 154 275 277 202 222 483 505 255 255 
AA-1 B11 379 379 154 156 275 277 202 224 483 483 255 255 
AA-1 B12 397 399 154 158 275 277 202 226 483 504 255 257 
AA-1 C01 379 391 158 165 275 277 224 230 483 503 249 255 
AA-1 C02 379 389 156 158 271 281 218 222 484 512 249 255 
AA-1 C03 391 393 154 163 277 279 202 202 483 512 255 257 
AA-1 C04 379 397 154 156 275 277 202 228 483 505 255 255 
AA-1 C05 379 379 154 161 271 277 218 218 483 483 255 255 
AA-1 C06 391 393 161 161 277 277 202 202 503 513 255 255 
AA-1 C07 379 393 156 165 275 279 202 228 483 513 255 255 
AA-1 C08 379 393 156 161 271 273 218 228 504 513 255 257 
AA-1 C09 379 399 156 161 277 279 202 222 503 503 255 255 
AA-1 C10 379 393 161 167 271 275 218 224 506 513 255 257 
AA-1 C11 379 393 154 158 275 277 202 218 483 486 249 255 
AA-1 C12 379 379 153 154 275 275 218 224 481 513 255 255 
AA-1 D01 379 379 153 161 275 277 202 220 484 508 253 255 
193 
 
AA-1 D02 379 391 158 161 279 279 214 218 503 508 251 257 
AA-1 D03 379 379 156 163 277 277 202 218 483 505 255 255 
AA-1 D04 391 393 153 156 273 281 218 222 483 483 255 255 
AA-1 D05 379 395 154 158 273 275 220 224 483 513 255 255 
AA-1 D06 379 379 156 158 271 277 220 222 483 504 255 257 
AA-1 D07 379 391 154 154 275 277 224 226 503 508 255 255 
AA-1 D08 379 379 154 158 271 277 218 218 513 513 249 259 
AA-1 D09 379 391 154 163 273 277 202 222 483 483 255 255 
AA-1 D10 379 389 156 158 277 281 218 222 486 488 255 255 
AA-1 D11 391 393 154 169 273 277 202 222 504 513 255 255 
AA-1 D12 379 379 156 163 273 275 224 224 483 513 255 259 
AA-1 E01 379 379 158 158 275 279 218 220 486 486 255 259 
AA-1 E02 391 391 154 156 277 279 202 224 483 483 255 255 
AA-1 E03 379 393 161 163 273 279 202 228 503 503 255 257 
AA-1 E04 389 393 154 167 275 279 218 228 490 504 255 257 
AA-1 E05 391 393 161 161 271 283 220 228 483 483 255 255 
AA-1 E06 379 393 156 161 271 283 216 220 483 483 255 255 
AA-1 E07 379 401 156 158 271 273 218 226 504 513 257 257 
AA-1 E08 393 393 154 158 275 277 218 222 483 505 255 255 
AA-1 E09 391 397 154 154 273 277 202 218 483 504 255 255 
AA-1 E10 391 393 161 163 277 277 202 218 483 486 249 255 
AA-1 E11 393 393 156 161 277 283 202 222 503 503 255 261 
AA-1 E12 393 397 154 154 277 277 202 202 483 505 249 255 
AA-1 F01                         
AA-1 F02 379 393 156 161 275 277 218 224 483 505 253 255 
194 
 
AA-1 F03 379 391 154 161 277 277 202 226 483 505 255 255 
AA-1 F04 379 379 158 161 271 281 220 222 483 512 255 255 
AA-1 F05 379 391 158 161 273 275 218 222 486 504 255 257 
AA-1 F06 379 397 158 163 273 279 202 226 507 512 249 257 
AA-1 F07 379 379 161 161 271 277 218 222 484 505 255 255 
AA-1 F08 391 393 161 163 273 277 218 226 483 483 249 259 
AA-1 F09 391 393 154 161 273 277 202 204 483 490 255 257 
AA-1 F10 379 391 158 161 271 283 226 226 483 513 255 255 
AA-1 F11 379 393 161 161 271 273 218 228 483 513 255 255 
AA-1 F12 379 395 161 161 271 275 222 226 504 514 255 255 
AA-1 G01 379 395 154 173 275 277 214 224 504 512 255 255 
AA-1 G02 379 389 156 158 277 281 216 222 483 510 255 255 
AA-1 G03                         
AA-1 G04 379 389 156 158 271 281 222 222 486 505 257 257 
AA-1 G05 379 381 158 161 277 277 202 218 483 507 251 255 
AA-1 G06 379 391 156 156 275 275 220 224 483 504 255 255 
AA-1 G07 379 389 154 156 275 277 202 226 483 483 255 259 
AA-1 G08 391 393 161 167 277 277 204 218 478 483 255 255 
AA-1 G09 379 391 158 161 271 277 218 220 477 513 255 255 
AA-1 G10 379 379 153 163 275 277 218 228 483 504 253 259 
AA-1 G11 393 397 154 163 273 281 202 222 483 483 255 255 
AA-1 G12 391 393 153 161 273 283 218 230 483 490 255 255 
AA-1 H01 391 395 154 158 277 277 202 218 490 503 255 255 
AA-1 H02 393 399 156 163 275 275 218 226 479 508 255 255 
AA-1 H03 379 391 154 156 273 279 218 218 483 512 255 257 
195 
 
AA-1 H04 391 391 161 161 271 277 218 220 483 483 253 255 
AA-1 H05 379 395 153 154 277 277 202 202 483 504 255 255 
AA-1 H06 379 391 156 158 277 285 218 222 504 504 255 259 
AA-1 H07 379 391 158 161 277 277 202 218 488 513 255 255 
AA-1 H08 393 393 161 161 271 281 220 226 481 483 255 257 
AA-1 H09 391 391 154 161 275 275 220 226 483 504 255 255 
AA-1 H10 379 381 158 167 275 279 218 224 504 504 255 255 
AA-1 H11 379 393 158 163 273 279 218 224 483 504 255 257 
AA-1 H12 379 395 158 161 271 275 220 222 513 513 255 255 
No. of homozygous samples 138 91 94 43 132 154 




Table S1. Continued 
Plate well no. HBA876 HBA950 D16S525 RM 
No. of 
homozygous 




markers in each 
sample 
CH-1 A01      375 377 437 439 166 176   2 7 
CH-1 A02 377 383 433 433 164 166   5 4 
CH-1 A03 375 381 437 437 168 186   3 6 
CH-1 A04 383 387 431 441 156 178   1 8 
CH-1 A05 375 377 429 433 164 178   0 7 
CH-1 A06 377 379 435 437 176 182   4 5 
CH-1 A07 375 385 429 433 176 182   4 5 
CH-1 A08             contamination     
CH-1 A09 375 377 433 437 180 182   1 8 
CH-1 A10 379 391 433 443 162 184   0 9 
CH-1 A11 375 379 433 435 166 168   0 9 
CH-1 A12 375 375 433 435 162 180   3 6 
CH-1 B01 377 383 435 437 176 182   2 7 
CH-1 B02 379 381 433 437 164 168   2 7 
CH-1 B03 375 383 437 441 168 180   0 9 
CH-1 B04 383 387 433 435 164 180   1 8 
CH-1 B05 377 383 435 435 162 180   3 6 
CH-1 B06 387 389 429 433 160 176   1 8 
CH-1 B07 375 383 433 437 174 182   5 4 
CH-1 B08 377 383 423 433 160 164   0 9 
CH-1 B09 375 385 433 437 164 180   2 7 
197 
 
CH-1 B10 375 383 433 435 170 182   1 8 
CH-1 B11 377 379 429 435 158 182   1 8 
CH-1 B12 375 383 433 435 164 172   4 5 
CH-1 C01 375 383 435 439 164 180   2 7 
CH-1 C02 375 385 433 437 186 186   3 6 
CH-1 C03 383 387 437 447 180 182   2 7 
CH-1 C04 381 393 433 435 150 162   1 8 
CH-1 C05 379 383 435 441 164 174   1 8 
CH-1 C06 375 383 433 441 172 186   3 6 
CH-1 C07 381 383 433 435 166 176   2 7 
CH-1 C08 385 389 433 435 174 180   2 7 
CH-1 C09 387 389 435 441 166 180   0 9 
CH-1 C10 383 385 439 441 184 186   2 7 
CH-1 C11 379 385 437 441 184 184   2 7 
CH-1 C12 385 387 429 435 164 174   1 8 
CH-1 D01 375 385 423 437 162 180   1 8 
CH-1 D02 375 383 423 443 162 180   2 7 
CH-1 D03 369 377 433 437 182 182   2 7 
CH-1 D04 383 385 433 433 160 160   2 7 
CH-1 D05 377 381 435 437 164 182   2 7 
CH-1 D06 375 375 433 439 158 182   4 5 
CH-1 D07 375 383 435 439 178 186   1 8 
CH-1 D08 375 387 437 443 178 180   1 6 
CH-1 D09 375 383 435 437 168 182   2 7 
CH-1 D10 375 377 433 437 166 176   4 5 
198 
 
CH-1 D11 375 377 429 435 162 176   0 9 
CH-1 D12 375 375 433 441 158 182   2 7 
CH-1 E01 377 383 423 429 162 176   1 8 
CH-1 E02 375 385 423 441 160 166   2 7 
CH-1 E03 377 387 429 439 164 182   0 9 
CH-1 E04 387 387 429 439 178 178   2 7 
CH-1 E05 379 385 423 433 166 174   1 8 
CH-1 E06 375 383 433 439 172 190   1 8 
CH-1 E07 389 393 435 437 158 168   0 9 
CH-1 E08 375 383 435 435 170 172   2 7 
CH-1 E09 375 385 435 437 164 182   2 7 
CH-1 E10 375 375 435 437 168 176   2 7 
CH-1 E11 375 383 437 437 158 170   6 3 
CH-1 E12 377 389 423 435 162 164   2 7 
CH-1 F01 375 387 429 437 176 182   1 8 
CH-1 F02 375 375 435 437 164 182   2 7 
CH-1 F03 375 377 435 437 160 166   2 7 
CH-1 F04 383 385 429 435 174 176   1 8 
CH-1 F05 375 385 441 443 176 180   0 9 
CH-1 F06 375 375 435 437 166 186   2 7 
CH-1 F07 375 383 439 441 168 178   2 7 
CH-1 F08             no amplification     
CH-1 F09 375 377 425 441 182 184   1 8 
CH-1 F10 383 385 423 435 162 182   2 7 
CH-1 F11 383 387 423 437 162 176   2 7 
199 
 
CH-1 F12 375 387 437 443 180 182   1 8 
CH-1 G01 375 391 433 437 170 184   2 7 
CH-1 G02 377 387 433 435 168 178   2 7 
CH-1 G03 385 385 437 447 178 180   1 8 
CH-1 G04 375 385 435 437 168 180   0 9 
CH-1 G05 383 385 435 437 164 182   1 8 
CH-1 G06 375 387 433 435 166 184   3 6 
CH-1 G07 375 375 429 429 180 182   4 5 
CH-1 G08             contamination     
CH-1 G09 383 385 437 441 176 188   2 7 
CH-1 G10 375 377 423 437 174 182   1 8 
CH-1 G11 377 381 437 437 182 190   2 7 
CH-1 G12 375 377 435 439 164 184   1 8 
CH-1 H01 375 385 423 441 162 184   1 8 
CH-1 H02 379 383 431 435 162 184   2 5 
CH-1 H03 375 375 433 433 162 164   2 7 
CH-1 H04 381 389 423 435 160 164   0 9 
CH-1 H05 375 381 423 429 176 184   0 9 
CH-1 H06 375 381 433 435 164 178   0 9 
CH-1 H07 381 389 435 449 160 176   2 7 
CH-1 H08 381 383 437 439 184 184   3 6 
CH-1 H09 375 385 433 443 160 180   1 8 
CH-1 H10 375 375 433 435 158 162   5 4 
CH-1 H11 379 383 423 437 162 186   2 7 
CH-1 H12 373 375 433 441 162 180   2 7 
200 
 
ML-1 A01      371 383 429 449 176 184   2 7 
ML-1 A02             no amplification     
ML-1 A03 375 395 435 437 166 190   1 8 
ML-1 A04             no amplification     
ML-1 A05 375 381 435 441 164 188   0 9 
ML-1 A06 375 381 433 435 162 170   0 9 
ML-1 A07             no amplification     
ML-1 A08 377 379 435 435 164 180   2 7 
ML-1 A09             no amplification     
ML-1 A10 371 375 433 437 182 186   0 9 
ML-1 A11             no amplification     
ML-1 A12 375 379 429 441 180 184   0 9 
ML-1 B01 381 383 431 435 162 164   0 9 
ML-1 B02 377 385 441 449 178 184   2 7 
ML-1 B03 377 385 429 441 164 176   3 6 
ML-1 B04 375 385 433 439 146 160   0 9 
ML-1 B05 375 387 431 435 182 186   2 7 
ML-1 B06 381 385 429 433 178 180   0 9 
ML-1 B07 371 377 431 435 158 186   3 6 
ML-1 B08 375 385 435 441 164 184   0 9 
ML-1 B09 363 379 435 437 174 174   3 6 
ML-1 B10 387 387 439 441 180 186   3 6 
ML-1 B11 375 381 429 437 178 188   2 7 
ML-1 B12 375 385 429 433 158 176   2 7 
ML-1 C01 379 383 433 435 154 180   0 9 
201 
 
ML-1 C02             contamination     
ML-1 C03 375 375 433 443 176 176   4 5 
ML-1 C04 375 383 433 437 184 186   2 7 
ML-1 C05 375 377 437 437 162 172   2 7 
ML-1 C06 387 391 433 435 162 164   4 5 
ML-1 C07 387 391 435 439 164 182   3 6 
ML-1 C08 375 387 433 435 162 162   2 7 
ML-1 C09 375 387 433 435 160 166   2 7 
ML-1 C10 375 375 437 439 170 180   3 6 
ML-1 C11 379 381 435 439 176 182   0 9 
ML-1 C12 381 391 433 437 164 172   2 7 
ML-1 D01 387 391 437 443 162 186   0 9 
ML-1 D02 363 375 433 435 162 174   2 7 
ML-1 D03 377 387 435 439 164 176   0 9 
ML-1 D04 385 391 433 435 162 166   1 8 
ML-1 D05 385 385 433 433 146 182   5 4 
ML-1 D06 375 381 437 441 174 184   4 5 
ML-1 D07 379 391 433 437 164 182   0 9 
ML-1 D08 377 391 437 439 176 180   1 8 
ML-1 D09 385 389 433 439 162 186   3 6 
ML-1 D10 375 375 437 443 176 188   3 6 
ML-1 D11 377 385 429 433 162 180   1 8 
ML-1 D12 381 383 439 443 182 186   1 8 
ML-1 E01 381 385 431 439 162 182   1 8 
ML-1 E02 375 387 441 445 174 186   1 8 
202 
 
ML-1 E03 385 385 423 431 162 178   2 7 
ML-1 E04 379 389 441 447 178 182   1 8 
ML-1 E05 375 385 429 433 162 176   2 7 
ML-1 E06 375 385 429 433 162 184   1 8 
ML-1 E07 381 385 433 437 174 180   3 6 
ML-1 E08 375 385 423 435 156 164   1 8 
ML-1 E09 381 383 433 439 164 182   3 6 
ML-1 E10 375 385 429 437 170 174   2 7 
ML-1 E11 375 387 435 443 166 180   3 6 
ML-1 E12 375 379 433 435 162 174   1 8 
ML-1 F01 375 385 429 441 162 174   0 9 
ML-1 F02 375 389 435 443 170 172   2 7 
ML-1 F03 375 381 437 437 166 184   1 8 
ML-1 F04 383 385 431 435 164 178   1 8 
ML-1 F05 375 383 431 441 184 184   2 7 
ML-1 F06 375 379 431 433 156 164   2 7 
ML-1 F07 375 377 433 439 164 186   1 8 
ML-1 F08 373 387 439 441 180 184   1 8 
ML-1 F09 375 375 435 437 178 186   1 8 
ML-1 F10 375 375 429 441 172 182   2 5 
ML-1 F11 379 379 423 439 162 180   3 6 
ML-1 F12 375 383 429 435 166 174   2 7 
ML-1 G01 373 375 435 441 164 184   4 5 
ML-1 G02 381 383 437 437 162 178   1 8 
ML-1 G03 375 379 437 437 162 172   2 7 
203 
 
ML-1 G04             no amplification     
ML-1 G05 387 391 431 433 162 176   3 6 
ML-1 G06 375 383 437 441 180 184   2 7 
ML-1 G07 383 385 433 433 162 164   3 6 
ML-1 G08 385 385 433 433 146 182   5 4 
ML-1 G09             no amplification     
ML-1 G10             no amplification     
ML-1 G11 375 383 433 435 146 164   3 6 
ML-1 G12 383 389 439 441 164 180   1 8 
ML-1 H01             no amplification     
ML-1 H02 375 387 433 435 164 180   3 6 
ML-1 H03 379 381 433 437 154 170   0 9 
ML-1 H04 375 383 431 443 182 186   3 6 
ML-1 H05 375 383 433 437 166 172   1 8 
ML-1 H06 383 393 437 437 178 184   2 7 
ML-1 H07             no amplification     
ML-1 H08 375 375 435 437 162 182   3 6 
ML-1 H09 377 383 435 437 164 182   2 7 
ML-1 H10 383 385 433 435 180 182   3 6 
ML-1 H11 375 385 433 439 176 186   2 7 
ML-1 H12             no amplification     
IN-1 A01      377 385 429 437 160 162   3 6 
IN-1 A02 375 375 431 433 158 162   3 6 
IN-1 A03 373 377 433 437 162 178   1 8 
IN-1 A04             no amplification     
204 
 
IN-1 A05 375 385 431 433 162 180   1 8 
IN-1 A06 365 381 435 441 162 182   1 8 
IN-1 A07 375 377 433 435 168 168   2 7 
IN-1 A08 375 375 433 435 160 168   3 6 
IN-1 A09 373 383 433 437 158 166   2 7 
IN-1 A10 383 383 423 441 164 168   3 6 
IN-1 A11 375 385 433 433 164 164   2 7 
IN-1 A12 377 383 435 439 164 174   1 8 
IN-1 B01 387 391 431 437 160 160   2 7 
IN-1 B02 383 385 437 443 168 176   1 8 
IN-1 B03 375 389 433 435 164 164   2 7 
IN-1 B04 373 387 431 433 156 162   1 8 
IN-1 B05 375 379 433 441 156 164   2 7 
IN-1 B06 375 383 437 437 156 178   2 7 
IN-1 B07 377 385 433 435 172 178   1 8 
IN-1 B08 383 383 437 437 168 184   2 7 
IN-1 B09             contamination     
IN-1 B10 383 385 433 437 162 164   0 9 
IN-1 B11 375 385 439 443 162 190   1 8 
IN-1 B12 375 389 437 441 166 168   3 6 
IN-1 C01 375 387 431 435 164 170   2 7 
IN-1 C02 377 389 433 437 156 182   0 9 
IN-1 C03 381 383 435 439 164 166   2 7 
IN-1 C04 375 377 439 439 166 176   4 5 
IN-1 C05 375 385 435 435 166 170   3 6 
205 
 
IN-1 C06 375 383 429 441 180 182   2 7 
IN-1 C07 377 385 433 433 162 164   2 7 
IN-1 C08 375 387 435 443 160 182   0 9 
IN-1 C09 387 387 437 439 170 172   3 6 
IN-1 C10 375 379 437 439 164 176   1 8 
IN-1 C11 375 375 433 435 162 174   3 6 
IN-1 C12 375 377 433 435 174 178   3 6 
IN-1 D01 375 387 435 437 164 186   2 7 
IN-1 D02 375 389 429 439 162 180   4 5 
IN-1 D03 375 377 437 439 162 176   0 9 
IN-1 D04 375 385 431 435 162 164   1 8 
IN-1 D05 371 375 433 437 162 176   1 8 
IN-1 D06 387 387 431 443 158 186   3 6 
IN-1 D07 375 385 433 439 158 162   1 8 
IN-1 D08 383 387 433 437 170 180   1 8 
IN-1 D09 387 389 433 437 160 162   0 9 
IN-1 D10 375 387 437 443 164 180   4 5 
IN-1 D11 381 385 431 435 164 186   2 7 
IN-1 D12             no amplification     
IN-1 E01 377 387 431 433 158 180   1 8 
IN-1 E02 365 375 437 437 164 174   3 6 
IN-1 E03 365 387 435 437 158 162   2 7 
IN-1 E04 377 389 435 435 162 164   2 7 
IN-1 E05 375 375 435 437 166 166   5 4 
IN-1 E06 377 391 431 435 156 176   3 6 
206 
 
IN-1 E07 375 387 437 441 162 180   1 8 
IN-1 E08 375 381 433 435 182 186   1 8 
IN-1 E09 375 375 439 441 162 174   3 6 
IN-1 E10 375 375 439 441 166 176   2 7 
IN-1 E11 381 383 433 437 160 170   0 9 
IN-1 E12 375 389 435 441 164 188   4 5 
IN-1 F01 375 383 435 437 164 172   3 6 
IN-1 F02 365 373 437 437 168 176   1 8 
IN-1 F03 377 393 433 441 158 182   0 9 
IN-1 F04 375 375 429 437 174 182   2 7 
IN-1 F05 377 385 435 437 162 164   3 6 
IN-1 F06             contamination     
IN-1 F07 375 385 435 439 162 182   0 9 
IN-1 F08 375 379 433 441 178 188   3 6 
IN-1 F09 365 375 433 435 166 180   1 8 
IN-1 F10 365 381 437 441 178 180   1 8 
IN-1 F11 379 385 431 431 158 172   1 8 
IN-1 F12 365 373 437 437 158 168   3 6 
IN-1 G01 375 383 433 437 176 186   2 7 
IN-1 G02 375 383 431 437 160 184   1 8 
IN-1 G03 375 375 435 437 166 168   2 7 
IN-1 G04 383 389 433 437 160 174   3 6 
IN-1 G05 375 375 431 435 160 168   2 7 
IN-1 G06 387 393 431 433 164 174   2 7 
IN-1 G07 375 375 435 443 166 182   2 7 
207 
 
IN-1 G08 375 381 433 439 162 178   1 8 
IN-1 G09 375 375 435 439 168 174   2 7 
IN-1 G10             no amplification     
IN-1 G11 365 375 433 439 178 180   1 8 
IN-1 G12 383 389 437 441 178 188   0 9 
IN-1 H01 377 385 431 433 162 164   0 9 
IN-1 H02 377 383 431 437 158 172   1 8 
IN-1 H03 381 383 431 433 162 182   0 9 
IN-1 H04 375 385 443 445 162 164   2 7 
IN-1 H05 377 387 437 437 166 176   4 5 
IN-1 H06 375 391 433 441 162 182   1 8 
IN-1 H07 375 385 435 437 170 174   0 9 
IN-1 H08 375 377 435 439 158 164   1 8 
IN-1 H09 375 383 433 437 166 174   1 8 
IN-1 H10 377 387 433 437 180 182   1 8 
IN-1 H11 383 383 441 443 160 180   1 8 
IN-1 H12 375 375 427 435 164 176   4 5 
CA-1 A01      361 367 435 435 172 186   1 8 
CA-1 A02 383 391 431 437 176 176   2 7 
CA-1 A03 379 381 435 435 184 186   1 8 
CA-1 A04 365 367 439 441 180 180   1 8 
CA-1 A05 365 379 435 437 176 184   1 8 
CA-1 A06 367 379 427 433 166 170   3 6 
CA-1 A07 367 385 433 439 158 192   2 7 
CA-1 A08 385 389 433 439 180 180   2 7 
208 
 
CA-1 A09 365 375 439 441 176 196   0 9 
CA-1 A10 361 387 427 435 174 174   3 6 
CA-1 A11 379 385 433 435 162 180   1 8 
CA-1 A12 373 373 437 437 174 182   3 6 
CA-1 B01 365 367 439 443 172 190   1 8 
CA-1 B02 373 375 439 441 176 180   2 7 
CA-1 B03 379 387 437 437 174 184   1 8 
CA-1 B04 371 383 437 441 174 176   2 7 
CA-1 B05 365 385 431 443 162 172   2 7 
CA-1 B06 361 371 421 441 176 178   2 7 
CA-1 B07 365 373 425 433 164 170   1 8 
CA-1 B08 365 373 427 439 172 178   0 9 
CA-1 B09 373 381 435 441 166 174   0 9 
CA-1 B10 365 367 433 437 166 174   1 8 
CA-1 B11 375 381 435 445 176 180   0 9 
CA-1 B12 371 379 433 437 162 178   3 6 
CA-1 C01 385 387 433 437 162 162   3 6 
CA-1 C02 365 383 435 439 164 180   1 8 
CA-1 C03 381 385 431 435 174 174   2 7 
CA-1 C04 365 385 435 435 168 178   2 7 
CA-1 C05 373 383 437 447 172 188   1 8 
CA-1 C06 367 381 425 433 168 170   0 9 
CA-1 C07 375 389 431 435 174 186   3 6 
CA-1 C08             contamination     
CA-1 C09 379 383 435 437 160 166   1 8 
209 
 
CA-1 C10 375 383 423 433 166 174   0 9 
CA-1 C11 377 389 421 439 176 176   2 7 
CA-1 C12 365 379 425 435 168 184   2 7 
CA-1 D01 375 379 439 447 176 178   1 8 
CA-1 D02 365 375 429 437 176 180   2 7 
CA-1 D03 367 385 435 435 168 180   2 7 
CA-1 D04 365 365 433 433 162 176   2 7 
CA-1 D05 373 385 431 439 182 184   1 8 
CA-1 D06 361 369 433 441 162 184   1 8 
CA-1 D07 367 375 433 433 174 174   4 5 
CA-1 D08 383 387 437 443 160 184   1 8 
CA-1 D09 371 381 437 441 164 178   2 7 
CA-1 D10 365 375 427 437 170 178   0 9 
CA-1 D11 367 379 435 437 162 168   2 7 
CA-1 D12 365 373 435 441 170 180   0 9 
CA-1 E01 367 391 431 435 182 182   1 8 
CA-1 E02             no amplification     
CA-1 E03 373 385 433 437 174 184   3 6 
CA-1 E04 383 387 435 437 176 176   1 8 
CA-1 E05 373 377 435 441 164 170   1 8 
CA-1 E06 365 367 439 441 174 182   0 9 
CA-1 E07 363 389 435 439 164 164   1 8 
CA-1 E08 367 391 429 435 182 182   3 6 
CA-1 E09 367 383 435 439 164 188   2 7 
CA-1 E10 365 385 431 441 166 182   1 8 
210 
 
CA-1 E11 381 385 431 435 162 162   3 6 
CA-1 E12 365 375 431 433 160 172   1 8 
CA-1 F01 365 371 437 437 178 186   1 8 
CA-1 F02 373 383 433 437 174 174   1 8 
CA-1 F03 373 375 433 433 166 182   3 6 
CA-1 F04             contamination     
CA-1 F05 365 379 433 447 162 162   1 8 
CA-1 F06 381 391 439 441 172 188   2 7 
CA-1 F07 367 371 435 439 174 178   2 7 
CA-1 F08 361 379 435 437 158 182   1 8 
CA-1 F09 365 371 433 443 178 180   2 7 
CA-1 F10 375 375 435 441 182 188   2 7 
CA-1 F11 371 377 433 433 168 180   2 7 
CA-1 F12 373 387 435 445 170 170   1 8 
CA-1 G01 375 381 433 439 158 186   0 9 
CA-1 G02 365 387 439 441 170 176   1 8 
CA-1 G03 361 371 433 435 174 176   0 9 
CA-1 G04 363 381 431 435 162 178   0 9 
CA-1 G05 373 383 437 439 182 182   3 6 
CA-1 G06 371 385 429 443 178 180   1 8 
CA-1 G07 385 387 433 439 170 174   1 8 
CA-1 G08 385 387 433 439 168 174   1 8 
CA-1 G09 365 365 437 441 178 198   3 6 
CA-1 G10 365 375 427 435 174 192   0 9 
CA-1 G11 363 383 439 443 166 180   0 9 
211 
 
CA-1 G12 373 387 435 445 170 170   1 8 
CA-1 H01 381 385 433 443 162 192   0 9 
CA-1 H02 367 375 433 433 168 172   2 7 
CA-1 H03 381 385 431 445 174 176   0 9 
CA-1 H04 359 367 437 439 182 184   1 8 
CA-1 H05 367 375 433 445 160 172   1 8 
CA-1 H06 365 385 435 435 156 158   2 7 
CA-1 H07 363 379 433 435 166 176   0 9 
CA-1 H08 385 385 437 441 174 184   1 8 
CA-1 H09 365 381 433 435 162 172   1 8 
CA-1 H10 381 387 435 441 174 182   2 7 
CA-1 H11 369 391 431 437 164 172   2 7 
CA-1 H12 373 381 429 435 180 180   3 6 
AA-1 A01      379 381 441 445 160 176   2 7 
AA-1 A02 381 385 439 439 168 172   1 8 
AA-1 A03             contamination     
AA-1 A04 371 389 435 437 186 188   2 7 
AA-1 A05 365 379 431 433 178 180   1 8 
AA-1 A06 375 379 433 433 170 184   4 5 
AA-1 A07 377 385 437 437 164 190   5 4 
AA-1 A08 373 375 435 435 162 182   5 4 
AA-1 A09 375 375 437 437 174 178   3 6 
AA-1 A10 375 381 435 435 164 184   3 6 
AA-1 A11 375 381 437 445 180 182   0 9 
AA-1 A12 365 373 435 435 178 184   4 5 
212 
 
AA-1 B01 375 381 437 437 176 180   6 3 
AA-1 B02 383 383 433 437 174 180   5 4 
AA-1 B03 385 385 437 437 164 164   5 4 
AA-1 B04 371 385 435 443 164 178   2 7 
AA-1 B05 373 381 431 439 176 186   3 6 
AA-1 B06 375 375 437 445 174 174   4 5 
AA-1 B07 379 385 437 445 170 178   4 5 
AA-1 B08 375 377 433 435 186 188   1 8 
AA-1 B09 375 375 441 443 162 176   2 7 
AA-1 B10 375 381 439 443 172 174   2 7 
AA-1 B11 375 385 437 437 176 178   4 5 
AA-1 B12 377 377 437 439 170 178   1 8 
AA-1 C01 375 395 433 433 176 176   2 7 
AA-1 C02 371 373 435 441 178 184   0 9 
AA-1 C03 371 373 433 439 170 182   1 8 
AA-1 C04 381 387 429 439 170 176   1 8 
AA-1 C05 365 381 435 441 182 184   4 5 
AA-1 C06 371 373 435 439 164 174   4 5 
AA-1 C07 371 383 441 445 176 176   2 7 
AA-1 C08 375 385 435 437 176 182   0 9 
AA-1 C09 371 375 439 441 176 178   2 7 
AA-1 C10 383 385 437 441 164 196   0 9 
AA-1 C11 371 381 437 439 158 176   0 9 
AA-1 C12 379 385 435 435 158 166   4 5 
AA-1 D01 375 375 429 441 166 172   2 7 
213 
 
AA-1 D02 379 383 433 435 172 174   1 8 
AA-1 D03 377 381 437 437 178 182   4 5 
AA-1 D04 377 381 435 439 160 164   2 7 
AA-1 D05 375 375 433 437 162 178   2 7 
AA-1 D06 375 385 437 437 176 180   2 7 
AA-1 D07 365 373 433 437 158 180   2 7 
AA-1 D08 375 385 435 441 158 172   3 6 
AA-1 D09 371 385 435 439 174 186   2 7 
AA-1 D10 373 381 437 439 164 176   1 8 
AA-1 D11 371 377 435 437 162 178   1 8 
AA-1 D12 375 383 435 439 184 184   3 6 
AA-1 E01 381 387 433 437 164 166   3 6 
AA-1 E02 385 385 429 435 180 188   4 5 
AA-1 E03 381 385 437 443 176 176   2 7 
AA-1 E04 381 383 433 441 156 178   0 9 
AA-1 E05 371 385 429 435 178 182   3 6 
AA-1 E06 375 375 431 437 174 176   3 6 
AA-1 E07 371 373 435 437 174 178   1 8 
AA-1 E08 375 379 431 433 178 180   2 7 
AA-1 E09 373 375 435 443 166 178   2 7 
AA-1 E10 385 387 437 437 176 180   2 7 
AA-1 E11 379 389 433 437 178 182   2 7 
AA-1 E12 375 387 435 435 162 190   4 5 
AA-1 F01             no amplification     
AA-1 F02 377 381 433 437 162 176   0 9 
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AA-1 F03 373 377 433 433 158 180   3 6 
AA-1 F04 375 381 433 443 162 174   2 7 
AA-1 F05 371 375 435 445 172 178   0 9 
AA-1 F06 375 379 441 441 176 176   2 7 
AA-1 F07 377 383 435 437 164 176   3 6 
AA-1 F08 375 381 437 439 178 178   2 7 
AA-1 F09 375 381 433 437 164 180   0 9 
AA-1 F10 373 375 433 445 164 176   2 7 
AA-1 F11 375 385 435 437 176 176   3 6 
AA-1 F12 381 385 437 439 174 176   2 7 
AA-1 G01 379 383 435 437 174 178   1 8 
AA-1 G02 373 377 435 437 164 170   1 8 
AA-1 G03             contamination     
AA-1 G04 373 389 437 441 168 174   2 7 
AA-1 G05 371 373 427 443 176 190   1 8 
AA-1 G06 375 377 433 443 176 178   3 6 
AA-1 G07 365 375 437 437 174 184   2 7 
AA-1 G08 371 383 435 439 178 178   3 6 
AA-1 G09 375 375 437 445 176 178   2 7 
AA-1 G10 373 381 431 441 182 184   1 8 
AA-1 G11 365 375 437 437 160 174   3 6 
AA-1 G12 379 389 437 443 164 178   1 8 
AA-1 H01 375 377 435 437 162 176   2 7 
AA-1 H02 371 371 437 437 176 176   5 4 
AA-1 H03 377 381 433 441 170 190   1 8 
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AA-1 H04 373 389 435 435 170 174   4 5 
AA-1 H05 365 379 437 439 158 178   3 6 
AA-1 H06 375 385 441 443 176 176   2 7 
AA-1 H07 365 373 433 435 168 184   2 7 
AA-1 H08 383 383 437 437 178 184   4 5 
AA-1 H09 375 379 433 437 178 180   3 6 
AA-1 H10 383 385 431 437 166 176   2 7 
AA-1 H11 381 385 435 439 170 180   0 9 
AA-1 H12 373 375 437 441 174 176   2 7 
No. of homozygous samples 57 66 46       




Table S2. Allele frequency distributions of nine markers within and flanking the α-globin gene cluster in five populations (N=454). 
D16S521 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
373 0.003304 373 0.000000 373 0.000000 373 0.000000 373 0.016129 373 0.000000 
375 0.004405 375 0.000000 375 0.005952 375 0.005495 375 0.010753 375 0.000000 
377 0.051762 377 0.091398 377 0.101190 377 0.038462 377 0.032258 377 0.000000 
379 0.450441 379 0.467742 379 0.511905 379 0.478022 379 0.381720 379 0.419355 
381 0.027533 381 0.032258 381 0.011905 381 0.016484 381 0.064516 381 0.010753 
383 0.011013 383 0.016129 383 0.011905 383 0.000000 383 0.026882 383 0.000000 
385 0.007709 385 0.000000 385 0.000000 385 0.000000 385 0.037634 385 0.000000 
387 0.005507 387 0.000000 387 0.005952 387 0.005495 387 0.016129 387 0.000000 
389 0.088106 389 0.086022 389 0.083333 389 0.043956 389 0.182796 389 0.043011 
391 0.151982 391 0.064516 391 0.142857 391 0.241758 391 0.080645 391 0.231183 
393 0.140969 393 0.220430 393 0.113095 393 0.087912 393 0.091398 393 0.188172 
395 0.036344 395 0.016129 395 0.011905 395 0.071429 395 0.037634 395 0.043011 
397 0.011013 397 0.005376 397 0.000000 397 0.005495 397 0.000000 397 0.043011 
399 0.007709 399 0.000000 399 0.000000 399 0.005495 399 0.016129 399 0.016129 
401 0.001101 401 0.000000 401 0.000000 401 0.000000 401 0.000000 401 0.005376 




Table S2. Continued 
16PETL03 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
148 0.005507 148 0.000000 148 0.017857 148 0.005495 148 0.005376 148 0.000000 
150 0.003304 150 0.000000 150 0.011905 150 0.005495 150 0.000000 150 0.000000 
151 0.007709 151 0.000000 151 0.011905 151 0.005495 151 0.021505 151 0.000000 
152 0.034141 152 0.086022 152 0.083333 152 0.005495 152 0.000000 152 0.000000 
153 0.040749 153 0.000000 153 0.005952 153 0.071429 153 0.091398 153 0.032258 
154 0.237885 154 0.241935 154 0.369048 154 0.258242 154 0.102151 154 0.231183 
156 0.158590 156 0.182796 156 0.154762 156 0.159341 156 0.145161 156 0.150538 
158 0.121145 158 0.102151 158 0.077381 158 0.104396 158 0.129032 158 0.188172 
161 0.208150 161 0.209677 161 0.160714 161 0.230769 161 0.150538 161 0.284946 
163 0.100220 163 0.139785 163 0.089286 163 0.104396 163 0.096774 163 0.069892 
165 0.023128 165 0.016129 165 0.005952 165 0.043956 165 0.037634 165 0.010753 
167 0.029736 167 0.016129 167 0.005952 167 0.000000 167 0.102151 167 0.021505 
169 0.014317 169 0.005376 169 0.005952 169 0.005495 169 0.048387 169 0.005376 
172 0.004405 172 0.000000 172 0.000000 172 0.000000 172 0.021505 172 0.000000 
173 0.006608 173 0.000000 173 0.000000 173 0.000000 173 0.026882 173 0.005376 
175 0.001101 175 0.000000 175 0.000000 175 0.000000 175 0.005376 175 0.000000 
189 0.001101 189 0.000000 189 0.000000 189 0.000000 189 0.005376 189 0.000000 
193 0.001101 193 0.000000 193 0.000000 193 0.000000 193 0.005376 193 0.000000 




Table S2. Continued 
16PTEL05 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
265 0.002215 265 0.000000 265 0.006024 265 0.005495 265 0.000000 265 0.000000 
269 0.001107 269 0.005464 269 0.000000 269 0.000000 269 0.000000 269 0.000000 
271 0.077519 271 0.005464 271 0.024096 271 0.148352 271 0.075269 271 0.129032 
273 0.104097 273 0.120219 273 0.168675 273 0.071429 273 0.043011 273 0.123656 
275 0.228128 275 0.196721 275 0.186747 275 0.318681 275 0.241935 275 0.193548 
277 0.272425 277 0.267760 277 0.216867 277 0.236264 277 0.258065 277 0.376344 
279 0.181617 279 0.224044 279 0.283133 279 0.126374 279 0.204301 279 0.080645 
281 0.059801 281 0.043716 281 0.042169 281 0.043956 281 0.102151 281 0.064516 
283 0.057586 283 0.136612 283 0.066265 283 0.049451 283 0.010753 283 0.026882 
285 0.011074 285 0.000000 285 0.006024 285 0.000000 285 0.043011 285 0.005376 
287 0.003322 287 0.000000 287 0.000000 287 0.000000 287 0.016129 287 0.000000 




Table S2. Continued 
16PTEL06 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
202 0.163717 202 0.229508 202 0.143713 202 0.126374 202 0.075269 202 0.241935 
204 0.004425 204 0.005464 204 0.000000 204 0.005495 204 0.000000 204 0.010753 
206 0.003319 206 0.000000 206 0.000000 206 0.000000 206 0.016129 206 0.000000 
208 0.007743 208 0.000000 208 0.005988 208 0.027473 208 0.005376 208 0.000000 
210 0.004425 210 0.000000 210 0.000000 210 0.016484 210 0.005376 210 0.000000 
212 0.004425 212 0.000000 212 0.000000 212 0.000000 212 0.021505 212 0.000000 
214 0.008850 214 0.005464 214 0.000000 214 0.000000 214 0.026882 214 0.010753 
216 0.014381 216 0.010929 216 0.005988 216 0.032967 216 0.005376 216 0.016129 
218 0.113938 218 0.016393 218 0.029940 218 0.175824 218 0.102151 218 0.236559 
220 0.146018 220 0.185792 220 0.173653 220 0.148352 220 0.102151 220 0.123656 
222 0.120575 222 0.120219 222 0.155689 222 0.098901 222 0.107527 222 0.123656 
224 0.122788 224 0.103825 224 0.113772 224 0.153846 224 0.155914 224 0.086022 
226 0.084071 226 0.103825 226 0.089820 226 0.065934 226 0.075269 226 0.086022 
228 0.129425 228 0.153005 228 0.179641 228 0.082418 228 0.188172 228 0.048387 
230 0.027655 230 0.038251 230 0.017964 230 0.043956 230 0.021505 230 0.016129 
232 0.026549 232 0.010929 232 0.053892 232 0.016484 232 0.053763 232 0.000000 
234 0.008850 234 0.005464 234 0.017964 234 0.000000 234 0.021505 234 0.000000 
236 0.003319 236 0.005464 236 0.000000 236 0.000000 236 0.010753 236 0.000000 
238 0.003319 238 0.005464 238 0.000000 238 0.005495 238 0.005376 238 0.000000 
246 0.001106 246 0.000000 246 0.005988 246 0.000000 246 0.000000 246 0.000000 




Table S2. Continued 
HBA370 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
454 0.001101 454 0.000000 454 0.000000 454 0.005495 454 0.000000 454 0.000000 
477 0.001101 477 0.000000 477 0.000000 477 0.000000 477 0.000000 477 0.005376 
478 0.003304 478 0.000000 478 0.000000 478 0.005495 478 0.005376 478 0.005376 
479 0.001101 479 0.000000 479 0.000000 479 0.000000 479 0.000000 479 0.005376 
481 0.003304 481 0.005376 481 0.000000 481 0.000000 481 0.000000 481 0.010753 
482 0.107930 482 0.220430 482 0.333333 482 0.000000 482 0.005376 482 0.000000 
483 0.265419 483 0.344086 483 0.178571 483 0.258242 483 0.129032 483 0.408602 
484 0.033040 484 0.026882 484 0.059524 484 0.054945 484 0.010753 484 0.016129 
485 0.046256 485 0.112903 485 0.071429 485 0.049451 485 0.000000 485 0.000000 
486 0.081498 486 0.064516 486 0.047619 486 0.230769 486 0.021505 486 0.043011 
487 0.019824 487 0.037634 487 0.029762 487 0.010989 487 0.021505 487 0.000000 
488 0.009912 488 0.005376 488 0.005952 488 0.010989 488 0.016129 488 0.010753 
490 0.026432 490 0.000000 490 0.000000 490 0.000000 490 0.102151 490 0.026882 
492 0.005507 492 0.000000 492 0.000000 492 0.000000 492 0.026882 492 0.000000 
493 0.009912 493 0.005376 493 0.000000 493 0.000000 493 0.043011 493 0.000000 
494 0.001101 494 0.000000 494 0.000000 494 0.005495 494 0.000000 494 0.000000 
496 0.001101 496 0.000000 496 0.000000 496 0.005495 496 0.000000 496 0.000000 
499 0.001101 499 0.000000 499 0.000000 499 0.000000 499 0.000000 499 0.005376 
502 0.028634 502 0.032258 502 0.059524 502 0.010989 502 0.043011 502 0.000000 
503 0.069383 503 0.091398 503 0.154762 503 0.027473 503 0.010753 503 0.069892 
504 0.082599 504 0.016129 504 0.035714 504 0.181319 504 0.043011 504 0.134409 
505 0.039648 505 0.000000 505 0.011905 505 0.027473 505 0.096774 505 0.059140 
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506 0.013216 506 0.000000 506 0.005952 506 0.038462 506 0.016129 506 0.005376 
507 0.008811 507 0.000000 507 0.000000 507 0.000000 507 0.026882 507 0.016129 
508 0.018722 508 0.010753 508 0.000000 508 0.010989 508 0.048387 508 0.021505 
509 0.012115 509 0.000000 509 0.000000 509 0.000000 509 0.059140 509 0.000000 
510 0.015419 510 0.000000 510 0.000000 510 0.000000 510 0.069892 510 0.005376 
511 0.009912 511 0.000000 511 0.000000 511 0.000000 511 0.048387 511 0.000000 
512 0.037445 512 0.000000 512 0.000000 512 0.060440 512 0.080645 512 0.043011 
513 0.025330 513 0.000000 513 0.000000 513 0.000000 513 0.021505 513 0.102151 
514 0.007709 514 0.021505 514 0.000000 514 0.005495 514 0.005376 514 0.005376 
515 0.007709 515 0.000000 515 0.005952 515 0.000000 515 0.032258 515 0.000000 
516 0.002203 516 0.005376 516 0.000000 516 0.000000 516 0.005376 516 0.000000 
518 0.001101 518 0.000000 518 0.000000 518 0.000000 518 0.005376 518 0.000000 




Table S2. Continued 
HBA572 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
245 0.001101 245 0.000000 245 0.000000 245 0.000000 245 0.005376 245 0.000000 
249 0.027533 249 0.005376 249 0.005952 249 0.021978 249 0.059140 249 0.043011 
251 0.023128 251 0.005376 251 0.005952 251 0.010989 251 0.080645 251 0.010753 
253 0.090308 253 0.145161 253 0.107143 253 0.148352 253 0.032258 253 0.021505 
255 0.470264 255 0.381720 255 0.404762 255 0.494505 255 0.333333 255 0.731183 
257 0.164097 257 0.107527 257 0.095238 257 0.148352 257 0.322581 257 0.139785 
259 0.164097 259 0.268817 259 0.261905 259 0.131868 259 0.118280 259 0.048387 
261 0.051762 261 0.075269 261 0.107143 261 0.032967 261 0.043011 261 0.005376 
263 0.005507 263 0.010753 263 0.005952 263 0.010989 263 0.000000 263 0.000000 




Table S2. Continued 
HBA876 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
359 0.001101 359 0.000000 359 0.000000 359 0.000000 359 0.005376 359 0.000000 
361 0.006608 361 0.000000 361 0.000000 361 0.000000 361 0.032258 361 0.000000 
363 0.006608 363 0.000000 363 0.011905 363 0.000000 363 0.021505 363 0.000000 
365 0.048458 365 0.000000 365 0.000000 365 0.043956 365 0.150538 365 0.043011 
367 0.019824 367 0.000000 367 0.000000 367 0.000000 367 0.096774 367 0.000000 
369 0.003304 369 0.005376 369 0.000000 369 0.000000 369 0.010753 369 0.000000 
371 0.034141 371 0.000000 371 0.017857 371 0.005495 371 0.053763 371 0.091398 
373 0.048458 373 0.005376 373 0.011905 373 0.027473 373 0.091398 373 0.102151 
375 0.258811 375 0.322581 375 0.297619 375 0.346154 375 0.091398 375 0.241935 
377 0.075991 377 0.118280 377 0.059524 377 0.109890 377 0.016129 377 0.075269 
379 0.058370 379 0.053763 379 0.077381 379 0.021978 379 0.069892 379 0.069892 
381 0.080396 381 0.059140 381 0.089286 381 0.043956 381 0.080645 381 0.129032 
383 0.110132 383 0.177419 383 0.113095 383 0.126374 383 0.064516 383 0.069892 
385 0.120044 385 0.118280 385 0.154762 385 0.098901 385 0.107527 385 0.123656 
387 0.068282 387 0.080645 387 0.083333 387 0.098901 387 0.059140 387 0.021505 
389 0.031938 389 0.037634 389 0.023810 389 0.049451 389 0.021505 389 0.026882 
391 0.019824 391 0.010753 391 0.047619 391 0.016484 391 0.026882 391 0.000000 
393 0.005507 393 0.010753 393 0.005952 393 0.010989 393 0.000000 393 0.000000 




Table S2. Continued 
HBA950 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
421 0.002203 421 0.000000 421 0.000000 421 0.000000 421 0.010753 421 0.000000 
423 0.020925 423 0.075269 423 0.017857 423 0.005495 423 0.005376 423 0.000000 
425 0.004405 425 0.005376 425 0.000000 425 0.000000 425 0.016129 425 0.000000 
427 0.007709 427 0.000000 427 0.000000 427 0.005495 427 0.026882 427 0.005376 
429 0.042952 429 0.075269 429 0.077381 429 0.021978 429 0.021505 429 0.021505 
431 0.052863 431 0.010753 431 0.059524 431 0.098901 431 0.064516 431 0.032258 
433 0.189427 433 0.204301 433 0.220238 433 0.208791 433 0.182796 433 0.134409 
435 0.205947 435 0.225806 435 0.190476 435 0.186813 435 0.220430 435 0.204301 
437 0.221366 437 0.215054 437 0.178571 437 0.247253 437 0.150538 437 0.311828 
439 0.094714 439 0.059140 439 0.095238 439 0.093407 439 0.123656 439 0.102151 
441 0.089207 441 0.080645 441 0.095238 441 0.082418 441 0.096774 441 0.091398 
443 0.041850 443 0.032258 443 0.041667 443 0.043956 443 0.037634 443 0.053763 
445 0.016520 445 0.000000 445 0.005952 445 0.005495 445 0.026882 445 0.043011 
447 0.006608 447 0.010753 447 0.005952 447 0.000000 447 0.016129 447 0.000000 




Table S2. Continued 
D16S525 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
146 0.004405 146 0.000000 146 0.023810 146 0.000000 146 0.000000 146 0.000000 
150 0.001101 150 0.005376 150 0.000000 150 0.000000 150 0.000000 150 0.000000 
154 0.002203 154 0.000000 154 0.011905 154 0.000000 154 0.000000 154 0.000000 
156 0.011013 156 0.005376 156 0.011905 156 0.027473 156 0.005376 156 0.005376 
158 0.031938 158 0.032258 158 0.011905 158 0.060440 158 0.021505 158 0.032258 
160 0.031938 160 0.048387 160 0.011905 160 0.060440 160 0.021505 160 0.016129 
162 0.099119 162 0.091398 162 0.136905 162 0.148352 162 0.080645 162 0.043011 
164 0.099119 164 0.107527 164 0.125000 164 0.142857 164 0.043011 164 0.080645 
166 0.049559 166 0.059140 166 0.041667 166 0.071429 166 0.048387 166 0.026882 
168 0.036344 168 0.053763 168 0.000000 168 0.065934 168 0.043011 168 0.016129 
170 0.039648 170 0.021505 170 0.029762 170 0.032967 170 0.064516 170 0.048387 
172 0.035242 172 0.021505 172 0.035714 172 0.027473 172 0.059140 172 0.032258 
174 0.078194 174 0.037634 174 0.059524 174 0.060440 174 0.134409 174 0.096774 
176 0.105727 176 0.091398 176 0.071429 176 0.060440 176 0.102151 176 0.198925 
178 0.078194 178 0.053763 178 0.053571 178 0.049451 178 0.069892 178 0.161290 
180 0.085903 180 0.107527 180 0.095238 180 0.065934 180 0.091398 180 0.069892 
182 0.084802 182 0.134409 182 0.095238 182 0.065934 182 0.080645 182 0.048387 
184 0.055066 184 0.069892 184 0.083333 184 0.010989 184 0.053763 184 0.059140 
186 0.038546 186 0.043011 186 0.077381 186 0.027473 186 0.026882 186 0.021505 
188 0.015419 188 0.005376 188 0.017857 188 0.016484 188 0.021505 188 0.016129 
190 0.009912 190 0.010753 190 0.005952 190 0.005495 190 0.005376 190 0.021505 
192 0.003304 192 0.000000 192 0.000000 192 0.000000 192 0.016129 192 0.000000 
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196 0.002203 196 0.000000 196 0.000000 196 0.000000 196 0.005376 196 0.005376 




Table S3. Polymorphism and informativeness assessment of nine markers within and flanking the α-globin gene cluster in each population (N=454). 
Microsatellite 
CH ML IN 
Alleles PIC He Ho Alleles PIC He Ho Alleles PIC He Ho 
D16S521 9 0.678 0.711 0.645 10 0.659 0.687 0.667 11 0.660 0.696 0.670 
16PTEL03 9 0.803 0.826 0.774 13 0.769 0.792 0.750 12 0.803 0.826 0.813 
16PTEL05 8 0.776 0.804 0.800 9 0.774 0.803 0.735 8 0.767 0.795 0.824 
16PTEL06 15 0.834 0.851 0.911 14 0.853 0.867 0.940 14 0.871 0.882 0.901 
HBA370 15 0.782 0.804 0.591 13 0.796 0.816 0.643 18 0.815 0.834 0.758 
HBA572 8 0.705 0.744 0.774 9 0.697 0.735 0.738 8 0.659 0.692 0.626 
HBA876 12 0.802 0.822 0.882 14 0.832 0.847 0.869 13 0.809 0.825 0.813 
HBA950 12 0.819 0.838 0.903 12 0.837 0.853 0.893 11 0.812 0.833 0.868 




Table S3. Continued 
Microsatellite 
CA AA 
Alleles PIC He Ho Alleles PIC He Ho 
D16S521 14 0.777 0.796 0.763 9 0.691 0.729 0.731 
16PTEL03 17 0.886 0.895 0.882 12 0.772 0.801 0.774 
16PTEL05 10 0.788 0.813 0.817 8 0.750 0.778 0.774 
16PTEL06 18 0.881 0.891 0.903 11 0.818 0.837 0.871 
HBA370 27 0.930 0.934 0.860 20 0.775 0.790 0.688 
HBA572 9 0.723 0.758 0.763 7 0.415 0.441 0.409 
HBA876 13 0.908 0.915 0.946 12 0.860 0.872 0.860 
HBA950 14 0.848 0.863 0.860 10 0.796 0.818 0.753 




Table S4. Preimplantation genetic diagnosis results of the seven α-thalassemia cases 
Embryo Blastomere/ Trophectoderm D16S521 16PTEL03 16PTEL05 Y1 16PTEL06 HBA370 HBA572 HBA876 HBA950 
A1 
A1.1 
378(M) 156(M)  - ND  - 485(M) 256(M;P) 374(M) 437(M) 
392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) 433(P) 
A1.2 
378(M) 156(M)  - ND  - - 256(M;P) 374(M) 437(M) 
392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) 433(P) 
A2 
A2.1 
378(M;P) 156(M;P)  - ND  - 485(M;P) 256(M;P) 374(M) 437(M;P) 
     - ND  -     -   
A2.2 
378(M;P) 156(M;P)  - ND  - 485(M;P) 256(M;P) 374(M) 437(M;P) 
     - ND  -     386(P)   
A3 
A3.1 
392(M;P) 166(M) 281(M) ND 223(M) - 258(M) 386(M;P) 439(M) 
  160(P) 279(P) ND 206(P) 482(P) 256(P)   433(P) 
A3.2 
 -  -  - ND  -  -  -  -  - 
 -  -  - ND  -  -  -  -  - 
A4 
A4.1 
392(M;P) 166(M) 281(M) ND 223(M) - 258(M) 386(M;P) 439(M) 
  160(P) 279(P) ND 206(P) 482(P) 256(P)   433(P) 
A4.2 
392(M;P) 166(M) 281(M) ND 223(M) - 258(M) 386(M;P) 439(M) 
  160(P) 279(P) ND 206(P) 482(P) 256(P)   433(P) 
A5 
A5.1 
378(M) 156(M)  - ND  - 485(M) 256(M;P) 374(M) 437(M) 
392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) 433(P) 
A5.2 
378(M) 156(M)  - ND  - 485(M) 256(M;P) 374(M) 437(M) 
392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) 433(P) 
A6 
A6.1 
378(M) 156(M)  - ND  - 485(M) 256(M;P) 374(M) 437(M) 
392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) 433(P) 
A6.2 378(M) 156(M)  - ND  - - 256(M;P) 374(M) 437(M) 
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392(P) 160(P) 279(P) ND 206(P) 482(P)   386(P) - 
B1 
B1.1 
378(M;P) 156(M;P)  - N.D  - 485(M) 256(M) 386(M) 439(M) 
     - N.D  - 482(P) 252(P) 376(P) 435(P) 
B1.2 
378(M;P) 156(M;P)  - N.D  - - 256(M) 386(M) 439(M) 
     - N.D  - 482(P) 252(P) 376(P) 435(P) 
B2 
B2.1 
378(M;P) 156(M;P) 275(M) N.D 229(M) 482(M;P) 254(M) 374(M) 429(M) 
     - N.D  -    - 382(P) 435(P) 
B2.2 
378(M;P) 156(M;P) 275(M) N.D 229(M) 482(M;P) 254(M) 374(M) 429(M) 
     - N.D  -   252(P) 382(P) 435(P) 
C1 
C1.1 
378 (M) 156 (M)  -  -  -  - 256 (M) 384 (M) 437 (M) 
378 (P) 156 (P)  -  -  - 482 (P) 256 (P) 380 (P) 435 (P) 
C1.2 
378 (M) 156 (M)  -  -  - 485 (M) 256 (M) 384 (M) 437 (M) 
378 (P) 156 (P)  -  -  -  - 256 (P) 380 (P) 435 (P) 
C2 
C2.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
C2.2 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
C3 
C1.1 
378 (M) 156 (M)  -  -  - 485 (M) 256 (M) 384 (M) 437 (M) 
378 (P) 156 (P)  -  -  - 482 (P) 256 (P) 380 (P) 435 (P) 
C1.2 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
D1 
D1.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
D1.2 
390 (M) 160 (M) 281 (M) 331 (M) 225 (M) 485 (M) 254 (M) 374 (M) 445 (M) 





378 (M) 156 (M)  -  -  - 485 (M) 256 (M) 388 (M) 437 (M) 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D2.2 
378 (M) 156 (M)  -  -  - 485 (M) 256 (M) 388 (M) 437 (M) 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D3 
D3.1 
- -  -  -  - - -  -  - 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D3.2 
- -  -  -  - - -  -  - 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D4 
D4.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
D4.2 
 -  -  -  -  -  -  -  -  - 
392 (P) 164 (P) 279 (P) 331 (P) 223 (P) 482 (P) 256 (P) 386 (P) 423 (P) 
D5 
D5.1 
378 (M) 156 (M)  -  -  - 485 (M) 256 (M) 388 (M) 437 (M) 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D5.2 
378 (M) 156 (M)  -  -  - 485 (M) 256 (M)  -  - 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D6 
D6.1 
 -  -  -  -  -  -  -  -  - 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D6.2 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
D7 
D7.1 
390 (M) 160 (M) 281 (M) 331 (M) 225 (M) 485 (M) 254 (M) 374 (M) 445 (M) 
392 (P) 164 (P) 279 (P) 331 (P) 223 (P) 482(P)  - 386 (P) 423 (P) 
D7.2 
390 (M) 160 (M) 281 (M) 331 (M) 225 (M) 485 (M) 254 (M) 374 (M) 445 (M) 
392 (P) 164 (P) 279 (P) 331 (P) 223 (P) 482 (P)  - 386 (P) 423 (M) 
D8 D8.1 390 (M) 160 (M) 281 (M) 331 (M) 225 (M) 485 (M) 254 (M) 374 (M) 445 (M) 
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378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D8.2 
390 (M) 160 (M) 281 (M) 331 (M) 225 (M) 485 (M) 254 (M) 374 (M) 445 (M) 
378 (P) 156 (P)  -  -  - 485 (P) 256 (P) 380 (P) 435 (P) 
D9 
D9.1 
 -  -  -  -  -  -  -  -  - 
392 (P) 164 (P) 279 (P) 331 (P) 223 (P) 483 (P) 256 (P) 386 (P) 423 (P) 
D9.2 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
E1 
E1.1 
393 (M) 155 (M) 285 (M)  - 227 (M) 485 (M) 256 (M) - 429 (M) 
379 (P) 157 (P)  -  -  - 488 (P) 258 (P) 374 (P) 443 (P) 
E1.2 
393 (M) 155 (M) 285 (M)  - 227 (M) 485 (M) 256 (M) 382 (M) 429 (M) 
379 (P) 157 (P)  -  -  - 483 258 (P) - 443 (P) 
E2 
E2.1 
393 (M) 155 (M) 285 (M)  - 227 (M) 485 (M) 256 (M) 382 (M) 429 (M) 
391 (P) 159 (P) 283 (P) 331 (P) 225 (P) - 256 (P) 374 (P) 423 (P) 
E2.2 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
E3 
E3.1 
393 (M) 169 (M) 281 (M) 331 (M) 233 (M) 484 (M) 254 (M) 380 (M) 429 (M) 
379 (P) 157 (P)  -  -  - 488 (P) 258 (P) 374 (P) 443 (P) 
E3.2 
393 (M) 169 (M) 281 (M) 331 (M) 233 (M) 484 (M) 254 (M) 380 (M) 429 (M) 
379 (P) 157 (P)  -  -  - 488 (P) 258 (P) 374 (P) 443 (P) 
F1 F1.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
F2 F2.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
F3 F3.1 
393(M) 165(M)  - 331(M) 235(M) 509(M) 256(M) 374(M) 441(M) 




 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
F5 F5.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
F6 F6.1 
379(M;P)  - 281(M) 331(M;P) 227(M) 484(M;P) 256(M) 386(M) 437(M) 
  163(P) 285(P)   231(P)   260(P) 390(P) 439(P) 
F7 F7.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
F8 F8.1 
393(M) 165(M)  - 331(M;P) 235(M) 509(M) 256(M)  - 441(M) 
379(P) 163(P) 285(P)   231(P) 484(P) 260(P) 390(P) 439(P) 
G1 
G1.1 
392(M) 153(M) 283(M)  - 223(M) 483(M) 258(M) 374(M) 437(M) 
378(P) 153(P) 277(P) 331(P) 225(P) 483(P) 258(P) 382(P) 437(P) 
G1.2 
392(M) 153(M) 283(M)  - 223(M) 483(M) 258(M) 374(M) 437(M) 
378(P) 153(P) 277(P) 331(P) 225(P) 483(P) 258(P) 382(P) 437(P) 
G2 
G2.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
G2.2 
378(M) 155(M)  -  -  -  - 256(M) 382(M) 437(M) 
378(P) 153(P) 277(P) 331(P) 225(P) 483(P) 258(P) 382(P) 437(P) 
G3 
G3.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
G3.2 
378(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
378(P) 155(P)  -  -  -  - 256(P) 374(P) 437(P) 
G4 
G4.1 
378(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
378(P) 155(P)  -  -  -  - 256(P) 374(P) 439(P) 
G4.2 378(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
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378(P) 155(P)  -  -  -  - 256(P) 374(P) 439(P) 
G5 
G5.1 
378(M) 155(M)  -  -  -  - 256(M) 382(M) 437(M) 
378(P) 153(P) 277(P) 331(P) 225(P) 483(P) 258(P) 382(P) 437(P) 
G5.2 
378(M) 155(M)  -  -  -  - 256(M) 382(M) 437(M) 
378(P) 153(P), 165 277(P) 331(P) 225(P) 483(P) 258(P) 382(P) 437(P) 
G6 
G6.1 
378(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
378(P) 155(P)  -  -  -  - 256(P) 374(P) 439(P) 
G6.2 
378(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
378(P) 155(P)  -  -  -  - 256(P) 374(P) 439(P) 
G7 
G7.1 
 -  -  -  -  -  -  - 382(M) 437(M) 
378(P)  -  -  -  -  -  - 382(P) 437(P) 
G7.2 
392(M) 155(M)  -  -  - 485(M) 256(M) 382(M) 437(M) 
378(P) 153(P) 277(P) 331(P) 225(P)  - 258(P) 382(P) 437(P) 
G8 G8.1 
378(M) 155(M)  -  -  - 485(M) 256(M)  -  - 
378(P) 155(P)  -  -  -  - 256(P) 374(P) 439(P) 
G9 
G9.1 
 -  -  -  -  -  -  -  -  - 
 -  -  -  -  -  -  -  -  - 
G9.2 
392(M) 153(M) 283(M)  - 223(M) 485(M) 258(M) 374(M) 437(M) 




Table S4. Continued 
Embryo Blastomere/ Trophectoderm D16S525 Result from direct deletion detection Result from linkage analysis Diagnosis 
A1 
A1.1 











































182(M) αα/--SEA αα/--SEA 
Carrier 172(P) 




















































































































170 (M) αα/αα αα/αα 
 - 
































































No amplification No amplification No diagnosis 
 - 
F6 F6.1 




No amplification No amplification No diagnosis 
 - 
F8 F8.1 






















No amplification No amplification 











Hb Bart’s hydrops fetalis syndrome 186(P) 





























182(M) αα/--SEA αα/--SEA (Recombination occurred 
between D16S521 and 16PTEL03) 164(P) 
G8 G8.1 
 - 





No amplification No amplification 










Table S5. Population screening data of fifteen markers flanking the β-globin gene cluster from 480 DNA samples 
Plate well no. HBB4506 D11S988 HBB4677 D11S2362 HBB5089 D11S1243 HBB5138 HBB5178 HBB5205 
CH-1 A01      364 368 108 108 166 184 87 90 224 230 222 224 402 402 145 147 408 420 
CH-1 A02 356 366 104 118 176 182 87 87 224 238 222 224 386 406 147 151 400 416 
CH-1 A03 364 366 104 106 178 178 87 105 234 234 224 230 386 400 145 151 408 408 
CH-1 A04 364 366 104 106 176 188 87 90 232 238 222 234 386 400 151 151 404 416 
CH-1 A05 366 366 104 106 176 196 72 93 224 238 224 224 386 402 145 147 408 408 
CH-1 A06 358 366 106 118 176 178 87 87 224 238 218 218 398 402 145 145 400 408 
CH-1 A07 360 368 104 110 176 184 90 90 232 232 220 232 400 404 147 161 416 416 
CH-1 A08                                     
CH-1 A09 364 366 102 108 176 178 87 93 238 238 220 224 386 386 151 151 396 404 
CH-1 A10 366 368 108 112 166 186 90 93 236 236 220 224 386 402 151 151 408 416 
CH-1 A11 356 368 110 118 176 186 93 96 232 236 218 222 400 400 145 145 408 412 
CH-1 A12 364 364 104 106 166 188 87 93 230 238 226 228 386 404 145 151 400 412 
CH-1 B01 368 368 106 114 176 188 96 99 232 238 224 226 386 402 145 151 412 416 
CH-1 B02 356 360 104 118 178 184 90 90 230 232 206 220 402 404 147 161 412 424 
CH-1 B03 356 364 106 118 176 178 90 102 232 236 224 224 386 386 151 151 408 408 
CH-1 B04 364 366 104 106 176 188 87 96 238 240 222 224 386 402 145 151 404 408 
CH-1 B05 356 368 108 118 176 188 96 96 232 238 218 222 396 404 145 151 404 412 
CH-1 B06 368 368 110 110 178 188 90 93 232 238 220 228 386 400 145 151 404 416 
CH-1 B07 364 366 102 106 176 186 84 93 232 238 218 224 386 396 145 151 404 412 
CH-1 B08 356 368 106 114 166 186 87 90 224 238 216 220 386 402 147 151 400 408 
CH-1 B09 364 366 106 112 166 176 72 93 236 238 218 218 396 400 145 145 400 404 
CH-1 B10 364 370 106 110 174 176 81 87 226 238 222 224 386 386 145 153 400 404 
CH-1 B11 356 366 102 118 174 186 84 96 234 234 218 220 400 406 151 159 408 412 
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CH-1 B12 368 368 106 108 176 178 90 93 232 238 220 226 386 402 151 151 396 408 
CH-1 C01 356 364 108 118 166 188 87 87 234 236 202 224 386 402 145 151 416 416 
CH-1 C02 356 366 106 118 178 190 87 90 224 238 218 220 386 402 145 151 408 408 
CH-1 C03 356 366 106 118 166 176 90 93 234 240 218 230 386 400 145 151 400 408 
CH-1 C04 356 358 114 118 178 188 93 96 232 238 222 224 386 402 145 147 404 408 
CH-1 C05 364 364 106 112 188 188 90 99 236 240 218 226 386 386 151 155 400 404 
CH-1 C06 364 366 104 108 186 192 90 96 230 236 224 228 386 400 145 151 404 416 
CH-1 C07 354 364 108 118 166 176 87 93 224 232 224 232 398 400 145 147 388 412 
CH-1 C08 358 364 106 110 172 182 90 96 234 238 218 220 386 400 151 151 404 412 
CH-1 C09 364 370 104 106 166 178 87 87 238 238 224 224 386 386 151 151 408 408 
CH-1 C10                                     
CH-1 C11 364 368 106 108 188 188 87 96 230 238 220 222 400 402 145 151 400 412 
CH-1 C12 356 368 104 118 186 186 87 87 232 232 220 224 386 400 145 151 404 408 
CH-1 D01 356 364 106 114 186 192 87 90 232 238 220 226 386 400 145 151 404 408 
CH-1 D02 354 360 98 104 166 188 87 87 238 238 224 226 386 400 151 153 400 404 
CH-1 D03 356 366 104 118 172 188 87 90 238 240 216 222 400 402 145 145 404 412 
CH-1 D04 364 370 106 106 172 176 87 96 234 238 218 220 400 404 147 151 408 420 
CH-1 D05 364 366 98 114 176 186 93 93 230 238 220 224 386 404 145 151 408 416 
CH-1 D06 356 366 112 118 178 184 84 96 230 238 222 226 386 404 145 151 408 412 
CH-1 D07 356 364 106 118 166 186 87 87 230 236 222 228 400 400 145 147 408 420 
CH-1 D08 358 370 110 112 176 188 90 93 224 234 216 226 398 400 143 145 404 420 
CH-1 D09 358 366 106 118 172 178 81 87 230 238 216 234 400 402 145 145 396 400 
CH-1 D10 356 360 104 118 176 186 87 87 236 236 224 224 386 386 151 153 404 408 
CH-1 D11 364 366 106 106 166 176 90 90 230 232 218 222 400 402 145 145 412 412 
CH-1 D12 356 368 114 118 184 188 87 90 238 238 224 224 386 386 147 151 404 420 
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CH-1 E01 364 368 106 108 166 188 81 84 238 238 226 226 386 400 143 151 412 412 
CH-1 E02 358 368 112 114 176 176 87 93 234 236 218 220 400 402 147 151 400 420 
CH-1 E03 362 366 106 106 176 186 90 90 232 232 224 224 386 402 151 151 404 412 
CH-1 E04 364 368 106 112 176 184 87 90 236 238 224 224 386 386 151 151 404 404 
CH-1 E05 358 362 108 118 176 178 90 96 232 238 222 224 386 402 151 151 400 408 
CH-1 E06 358 370 110 122 176 184 90 96 234 236 220 224 398 402 147 147 416 420 
CH-1 E07                                     
CH-1 E08 354 356 98 118 178 184 90 90 224 234 216 226 400 402 143 145 404 416 
CH-1 E09 356 366 102 126 166 178 90 93 238 238 214 224 386 400 145 151 412 416 
CH-1 E10 354 370 98 106 178 186 81 90 230 238 222 224 386 406 145 151 400 420 
CH-1 E11 356 364 116 118 166 176 90 96 232 234 230 236 400 400 145 147 396 404 
CH-1 E12 356 368 110 118 186 188 75 87 224 230 222 226 398 402 145 151 400 408 
CH-1 F01 356 364 104 120 176 176 87 90 224 238 220 224 386 402 145 147 404 416 
CH-1 F02 356 364 104 120 182 188 87 93 236 238 224 226 386 386 151 151 408 408 
CH-1 F03 354 356 98 118 176 188 87 96 236 242 226 226 386 386 151 151 400 412 
CH-1 F04 360 364 106 108 176 186 87 90 224 238 216 220 386 398 147 151 408 416 
CH-1 F05 364 370 106 108 176 184 90 99 230 238 220 222 386 402 151 151 404 408 
CH-1 F06 356 364 106 118 168 178 87 90 224 238 218 226 386 402 145 151 408 412 
CH-1 F07 358 366 108 116 176 184 87 96 232 238 222 236 386 400 145 151 404 404 
CH-1 F08                                     
CH-1 F09 356 368 110 118 166 178 90 99 230 238 206 224 386 402 147 147 420 424 
CH-1 F10 356 364 108 118 154 176 87 90 230 232 220 228 402 402 145 151 408 412 
CH-1 F11 354 354 90 98 186 188 87 90 224 238 224 226 386 398 145 151 404 412 
CH-1 F12 358 364 108 118 176 184 87 93 238 238 218 220 400 402 145 149 404 420 
CH-1 G01 356 368 110 118 166 194 87 96 230 236 224 226 386 400 145 151 404 408 
244 
 
CH-1 G02 364 368 106 106 186 188 87 93 230 238 218 228 386 400 145 151 400 412 
CH-1 G03 364 364 102 110 188 188 93 96 232 238 220 222 402 402 145 147 400 408 
CH-1 G04 364 364 108 110 186 188 81 93 234 238 220 222 402 402 145 147 408 420 
CH-1 G05 356 358 112 118 176 188 90 96 236 238 216 232 400 400 145 145 412 416 
CH-1 G06 356 364 108 118 176 178 87 90 232 236 226 230 386 400 145 151 400 412 
CH-1 G07 366 368 106 106 166 178 87 90 230 236 230 234 400 402 145 145 412 416 
CH-1 G08                                     
CH-1 G09 358 368 106 112 176 188 96 99 230 232 220 220 400 400 143 145 404 412 
CH-1 G10 364 366 106 112 176 178 93 96 236 238 224 224 386 386 145 151 404 408 
CH-1 G11 356 364 106 118 170 180 84 87 238 240 222 222 386 400 151 159 404 404 
CH-1 G12 356 364 106 118 176 176 84 87 234 238 224 224 386 400 145 151 404 412 
CH-1 H01 356 364 106 118 178 186 87 93 238 238 222 224 386 386 151 151 400 408 
CH-1 H02 356 362 104 118 178 188 90 93 230 230 206 224 402 404 147 147 408 424 
CH-1 H03 364 366 106 106 184 190 87 87 236 238 218 224 386 400 145 153 400 412 
CH-1 H04 362 366 104 106 166 176 87 90 234 234 224 226 400 400 145 151 404 416 
CH-1 H05 348 372 110 112 176 192 93 93 224 238 216 226 398 400 145 145 400 408 
CH-1 H06 358 366 106 110 188 188 90 93 236 238 220 220 400 402 145 163 400 408 
CH-1 H07 364 366 106 106 178 184 87 87 234 238 222 224 400 400 145 147 412 428 
CH-1 H08 358 360 118 118 178 188 84 90 238 238 222 224 386 386 151 151 400 412 
CH-1 H09 356 358 110 120 178 186 87 90 236 238 216 220 400 400 145 145 400 408 
CH-1 H10 356 366 104 106 170 190 84 96 234 238 220 224 386 404 145 149 396 400 
CH-1 H11 354 354 98 108 166 188 90 99 230 236 222 232 400 402 145 145 412 416 
CH-1 H12 356 370 110 118 166 184 84 90 232 238 220 224 386 402 147 151 400 408 
ML-1 A01      364 366 106 108 172 186 84 93 230 238 222 224 386 398 145 151 404 412 
ML-1 A02 364 366 106 110 176 190 93 96 236 238 224 224 386 386 151 153 404 408 
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ML-1 A03 358 358 110 118 172 178 87 96 224 236 220 224 398 404 145 151 412 412 
ML-1 A04 364 368 106 110 178 184 87 93 232 236 224 236 386 400 145 151 404 408 
ML-1 A05 356 364 106 118 166 176 87 90 236 238 220 224 400 402 145 147 408 420 
ML-1 A06 354 368 110 116 178 192 90 93 236 238 220 220 402 402 147 147 398 408 
ML-1 A07 358 364 106 112 164 188 93 93 232 236 212 220 400 404 145 151 412 412 
ML-1 A08 364 368 106 110 164 186 87 93 230 238 224 226 386 404 145 153 408 412 
ML-1 A09 358 364 106 112 176 186 93 96 232 238 220 224 386 402 147 151 400 416 
ML-1 A10 356 366 110 120 166 178 90 90 230 234 216 228 386 400 151 151 412 412 
ML-1 A11 364 368 106 112 166 182 90 96 238 240 204 226 386 400 151 151 404 408 
ML-1 A12 356 364 108 120 172 188 84 96 232 238 224 228 386 400 145 151 388 392 
ML-1 B01 364 366 104 106 166 186 93 96 234 240 216 224 398 402 147 151 400 412 
ML-1 B02 366 368 112 120 166 188 87 96 230 232 204 232 400 402 145 145 416 416 
ML-1 B03 364 366 106 108 166 184 84 90 230 238 224 226 386 386 151 151 404 412 
ML-1 B04 364 364 106 108 166 186 87 93 234 238 222 224 386 400 145 145 396 412 
ML-1 B05 356 368 110 118 176 184 87 90 236 238 220 224 386 402 151 151 404 408 
ML-1 B06 364 366 106 106 180 192 87 90 238 238 222 224 386 402 145 151 408 416 
ML-1 B07 364 368 106 108 176 182 87 90 234 238 222 224 386 400 145 151 396 404 
ML-1 B08 368 368 110 112 166 188 87 99 230 232 224 228 400 400 145 145 404 408 
ML-1 B09 356 358 118 120 180 186 93 96 230 232 220 220 402 404 159 163 404 412 
ML-1 B10 358 366 110 118 166 178 84 90 224 240 222 224 386 386 151 151 404 416 
ML-1 B11 364 366 104 104 166 172 90 93 230 234 220 228 386 400 145 151 404 412 
ML-1 B12 358 364 108 110 176 188 87 93 232 238 224 224 400 400 145 145 404 416 
ML-1 C01 356 368 112 112 176 184 84 87 234 238 222 224 386 386 151 151 404 416 
ML-1 C02 356 364 106 118 176 176 87 90 238 238 220 220 402 406 147 159 408 408 
ML-1 C03 358 368 112 118 166 178 96 96 230 236 224 224 386 386 151 151 404 408 
246 
 
ML-1 C04 354 366 98 106 176 190 87 87 238 238 224 224 386 386 147 151 400 404 
ML-1 C05 358 368 110 112 166 172 87 96 224 238 224 226 386 398 145 151 396 408 
ML-1 C06 364 364 106 108 176 176 84 96 230 240 218 224 386 400 145 151 404 408 
ML-1 C07 356 364 106 118 172 176 87 90 230 236 222 224 386 402 147 151 408 424 
ML-1 C08 354 368 98 118 176 188 90 99 236 236 220 224 386 402 147 151 408 416 
ML-1 C09 356 364 108 110 182 188 87 93 224 238 218 224 386 402 147 151 408 412 
ML-1 C10 364 364 106 108 166 174 84 90 234 240 224 232 386 400 145 151 404 412 
ML-1 C11 356 368 108 116 166 186 93 96 236 240 222 224 386 404 151 153 400 408 
ML-1 C12 358 364 108 118 166 178 87 90 230 238 222 222 386 406 145 151 412 416 
ML-1 D01 364 368 104 110 166 188 87 96 230 240 230 230 386 400 145 151 400 408 
ML-1 D02 364 364 106 108 186 188 87 93 236 238 220 224 386 402 147 151 416 420 
ML-1 D03 364 366 106 112 178 186 90 96 230 236 224 224 386 400 145 151 396 408 
ML-1 D04 358 364 104 118 178 188 84 96 230 236 224 228 386 404 147 151 408 420 
ML-1 D05 366 366 104 120 166 182 90 90 230 238 220 228 400 402 145 147 398 408 
ML-1 D06 364 364 106 106 172 184 90 90 230 232 222 224 386 402 145 151 408 412 
ML-1 D07 368 368 100 102 166 192 90 93 232 238 222 226 402 402 145 145 408 412 
ML-1 D08 358 368 110 118 186 188 93 93 224 232 216 224 400 402 145 147 404 416 
ML-1 D09 356 366 106 118 186 188 87 96 230 236 222 224 400 402 145 145 396 412 
ML-1 D10 356 356 118 120 172 176 87 96 230 232 202 224 386 386 151 153 388 404 
ML-1 D11 356 366 106 118 176 176 78 87 230 240 220 222 402 404 145 151 400 412 
ML-1 D12 364 364 106 108 166 190 87 96 224 238 220 224 386 400 147 149 400 416 
ML-1 E01 354 356 98 118 174 186 87 93 230 232 224 238 386 400 145 153 404 412 
ML-1 E02 364 364 106 108 172 176 93 99 230 232 226 232 400 402 145 145 404 416 
ML-1 E03 364 368 106 114 176 176 87 96 238 238 224 224 386 386 151 151 396 408 
ML-1 E04 354 366 98 102 166 190 87 87 236 238 220 226 386 398 145 147 396 416 
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ML-1 E05 366 368 104 106 166 190 87 96 232 238 224 226 386 402 145 151 408 408 
ML-1 E06 354 358 98 116 178 186 93 102 238 240 218 224 386 400 147 151 404 408 
ML-1 E07 364 366 104 104 188 188 87 90 232 232 232 234 400 400 145 145 404 404 
ML-1 E08 358 358 112 118 166 186 87 93 224 224 218 220 398 402 147 147 404 420 
ML-1 E09 364 364 108 108 164 186 93 93 238 238 224 224 386 386 151 151 412 416 
ML-1 E10 356 368 110 120 184 188 87 90 236 238 222 224 386 400 151 151 404 408 
ML-1 E11 362 364 106 106 176 176 87 90 232 236 216 224 386 400 151 151 412 412 
ML-1 E12 354 356 98 118 178 188 84 96 238 240 220 224 386 404 151 159 404 404 
ML-1 F01 364 366 106 108 172 186 84 93 232 232 220 226 400 402 145 153 404 416 
ML-1 F02 356 364 106 118 176 176 87 90 238 238 220 220 402 406 147 159 408 408 
ML-1 F03 356 364 106 118 176 186 93 93 230 230 224 224 402 402 145 145 412 420 
ML-1 F04 354 356 98 118 186 192 93 96 236 238 224 224 386 400 145 151 408 412 
ML-1 F05 368 370 108 108 172 176 93 96 236 240 222 222 402 402 145 159 404 412 
ML-1 F06 356 368 110 118 166 178 90 93 232 238 224 224 386 386 145 151 396 412 
ML-1 F07 356 364 106 118 176 178 87 93 232 232 224 224 400 402 145 145 408 408 
ML-1 F08 364 364 106 108 166 186 87 102 236 238 224 224 386 386 145 151 400 416 
ML-1 F09 358 364 106 110 166 172 87 90 224 234 222 224 398 400 145 145 400 412 
ML-1 F10 358 364 106 118 164 178 93 96 224 238 220 224 386 402 147 151 408 408 
ML-1 F11 360 364 106 118 166 188 90 93 230 238 224 224 386 386 151 153 396 400 
ML-1 F12 354 370 98 106 184 188 87 93 238 238 222 226 386 400 145 151 408 408 
ML-1 G01 356 358 118 120 166 166 90 93 232 234 220 232 400 402 147 151 404 412 
ML-1 G02 364 364 104 108 164 170 87 90 238 238 220 224 386 404 147 157 408 412 
ML-1 G03 368 368 110 110 166 188 87 96 224 230 222 232 400 402 145 145 404 416 
ML-1 G04 354 366 98 98 166 176 87 93 232 238 218 224 396 400 145 145 400 404 
ML-1 G05 356 358 110 118 172 188 84 90 230 238 212 224 386 400 145 145 408 412 
248 
 
ML-1 G06 356 356 118 118 178 188 87 96 232 238 220 224 386 402 147 151 408 416 
ML-1 G07 354 364 98 106 166 188 93 93 238 238 224 224 386 400 145 159 408 408 
ML-1 G08 366 368 102 104 166 166 90 90 230 238 220 228 386 402 147 151 398 412 
ML-1 G09                                     
ML-1 G10 366 368 110 112 166 176 90 90 238 238 220 224 386 386 145 151 412 416 
ML-1 G11 356 366 104 118 166 176 87 90 230 238 220 230 400 402 145 147 398 404 
ML-1 G12 366 368 104 110 166 166 87 87 230 234 224 232 400 400 145 151 404 408 
ML-1 H01 364 366 106 108 172 186 84 93 230 238 222 224 386 398 145 151 404 412 
ML-1 H02 356 366 104 120 174 176 87 90 230 238 222 224 386 400 145 151 404 412 
ML-1 H03 354 356 102 118 176 188 87 96 230 238 218 224 386 400 149 149 392 412 
ML-1 H04 352 364 98 106 166 176 84 87 224 238 224 226 398 400 145 145 412 412 
ML-1 H05 364 364 102 106 164 166 93 93 230 238 224 228 386 402 151 159 400 408 
ML-1 H06 354 364 98 106 176 186 87 90 238 238 224 224 386 400 151 151 408 408 
ML-1 H07 364 366 100 110 166 178 87 87 236 238 220 222 402 402 145 147 404 412 
ML-1 H08 366 368 108 112 166 176 90 96 238 238 222 224 386 386 147 151 408 420 
ML-1 H09 356 364 110 118 172 176 87 93 230 238 220 224 386 404 147 163 396 412 
ML-1 H10 364 366 106 108 176 182 84 87 232 238 218 224 386 400 145 151 396 412 
ML-1 H11 362 366 104 118 166 178 87 90 238 240 220 224 386 388 151 151 400 408 
ML-1 H12 364 366 98 106 166 166 90 90 230 230 228 234 386 400 145 151 396 408 
IN-1 A01      356 356 118 118 184 188 81 93 230 236 224 228 400 400 145 145 408 412 
IN-1 A02 358 364 106 118 176 184 87 90 238 238 212 222 386 402 151 163 400 408 
IN-1 A03 362 368 112 122 176 176 87 90 230 236 220 226 386 398 151 159 400 408 
IN-1 A04 358 364 110 120 172 178 93 93 234 236 220 224 386 404 151 151 412 412 
IN-1 A05 356 364 108 116 186 186 87 87 236 238 220 220 402 404 147 159 412 420 
IN-1 A06 356 356 104 118 176 188 90 93 240 240 220 220 402 404 153 159 396 408 
249 
 
IN-1 A07 354 364 102 108 176 176 84 90 230 236 220 224 402 404 145 151 404 408 
IN-1 A08 354 356 98 118 176 176 87 93 230 238 220 224 386 402 147 151 416 416 
IN-1 A09 364 366 106 106 172 178 96 96 224 230 224 226 402 402 145 151 408 416 
IN-1 A10 356 364 106 118 186 188 87 96 238 238 218 224 386 386 151 151 400 408 
IN-1 A11 356 364 118 120 172 174 90 93 230 232 218 224 400 400 147 151 404 416 
IN-1 A12 356 366 108 118 170 188 84 90 224 238 220 220 402 402 147 149 408 412 
IN-1 B01 356 366 108 118 176 182 84 87 234 236 220 226 402 404 147 147 404 420 
IN-1 B02 356 356 118 118 172 176 87 90 230 230 220 220 402 402 145 163 404 408 
IN-1 B03 364 364 108 122 176 176 87 96 236 238 220 222 400 404 145 153 400 412 
IN-1 B04 356 356 106 120 182 190 84 93 234 238 224 224 386 400 147 153 408 424 
IN-1 B05 356 356 118 118 174 176 90 93 232 238 220 220 402 402 145 167 404 412 
IN-1 B06 354 356 98 120 176 190 90 90 230 230 220 222 402 402 145 167 408 416 
IN-1 B07 356 366 102 116 172 176 87 93 224 230 222 222 396 402 147 151 404 420 
IN-1 B08 356 364 104 118 172 186 84 96 224 234 220 226 402 404 145 151 404 412 
IN-1 B09 356 364 118 120 174 190 90 96 236 236 218 220 402 404 145 151 404 404 
IN-1 B10 360 366 102 120 166 170 87 93 236 238 220 222 400 406 145 159 408 408 
IN-1 B11 372 374 112 112 176 176 87 87 238 238 220 224 386 404 155 163 408 408 
IN-1 B12 358 364 106 118 170 176 84 93 230 236 222 226 386 400 145 161 408 416 
IN-1 C01 358 366 102 118 176 176 90 93 234 236 220 222 400 402 151 161 400 404 
IN-1 C02 364 368 104 108 172 172 87 96 236 236 224 224 404 404 151 153 392 404 
IN-1 C03 356 364 106 118 176 176 90 96 224 230 224 226 398 400 145 147 412 412 
IN-1 C04 364 364 100 106 178 178 87 87 236 238 220 220 404 406 151 159 404 408 
IN-1 C05 356 366 104 114 188 192 87 90 236 238 220 220 402 404 147 151 412 424 
IN-1 C06 360 366 102 104 176 180 87 93 230 230 220 222 402 402 145 163 404 404 
IN-1 C07 354 366 100 106 176 178 84 87 224 230 218 230 402 402 145 145 400 408 
250 
 
IN-1 C08 360 368 102 118 174 190 93 93 236 238 220 220 402 404 145 153 396 408 
IN-1 C09 364 364 104 106 174 176 84 90 232 238 220 220 386 402 151 161 396 404 
IN-1 C10 358 364 104 120 176 190 96 99 224 238 216 224 386 386 151 159 416 420 
IN-1 C11 358 366 102 120 178 190 87 87 232 238 220 220 386 402 147 151 400 412 
IN-1 C12 364 366 104 108 178 186 87 96 232 238 218 220 386 402 145 151 396 404 
IN-1 D01 358 366 118 122 172 176 87 87 232 236 220 224 386 402 151 163 404 416 
IN-1 D02 364 364 106 106 172 176 90 99 236 236 220 220 402 402 145 147 404 428 
IN-1 D03 356 368 102 118 172 180 87 87 230 236 224 224 400 402 145 145 408 412 
IN-1 D04 364 366 104 114 176 186 93 93 230 236 220 222 400 402 145 151 408 412 
IN-1 D05 364 364 100 116 178 186 90 93 232 236 220 220 402 404 161 163 396 412 
IN-1 D06 364 368 106 120 174 176 93 93 224 234 220 226 386 402 151 151 380 396 
IN-1 D07 356 364 108 120 176 184 93 93 236 238 220 224 386 402 147 153 392 408 
IN-1 D08 356 356 118 120 176 178 93 96 220 236 220 220 398 402 147 147 416 420 
IN-1 D09 366 374 100 102 172 178 90 93 230 236 220 226 400 402 145 147 404 420 
IN-1 D10 356 356 118 120 174 186 84 87 236 238 220 224 386 400 145 145 400 408 
IN-1 D11 366 370 106 106 166 172 87 93 224 230 224 224 402 402 145 145 408 416 
IN-1 D12 364 368 102 108 166 184 87 87 230 240 220 222 400 404 159 159 404 404 
IN-1 E01 356 364 98 118 172 186 84 84 232 238 220 226 386 402 151 151 396 404 
IN-1 E02 356 356 106 120 188 190 90 90 234 238 220 226 386 402 151 157 380 408 
IN-1 E03 364 364 106 108 176 186 87 93 232 238 220 222 386 402 163 163 400 408 
IN-1 E04 364 368 104 104 176 186 87 93 236 238 224 224 386 386 145 153 396 400 
IN-1 E05                                     
IN-1 E06 356 366 102 118 176 176 84 93 234 236 222 226 402 402 145 147 400 420 
IN-1 E07 356 364 106 116 176 186 87 87 236 236 220 224 400 404 145 161 404 404 
IN-1 E08 356 366 110 126 180 188 81 93 224 236 220 222 400 402 145 147 400 404 
251 
 
IN-1 E09 356 360 118 120 166 170 84 96 224 232 220 220 404 406 149 151 400 412 
IN-1 E10 366 366 100 110 170 176 90 96 226 230 212 226 386 408 151 171 388 400 
IN-1 E11 350 364 104 104 188 188 87 87 238 238 220 226 400 404 145 159 404 412 
IN-1 E12 366 366 106 118 184 186 87 96 236 236 218 220 400 402 145 145 412 416 
IN-1 F01 366 366 102 114 176 176 87 96 232 232 220 224 400 402 145 145 400 416 
IN-1 F02 356 366 102 108 174 178 93 93 232 236 220 222 400 402 147 161 404 420 
IN-1 F03 356 364 106 118 166 176 84 93 236 238 216 224 386 402 147 151 396 408 
IN-1 F04 356 358 118 120 176 178 81 87 234 238 218 226 386 400 145 147 408 416 
IN-1 F05 356 364 104 118 176 190 87 99 232 236 220 224 402 404 151 157 396 396 
IN-1 F06                                     
IN-1 F07 356 364 104 118 176 176 90 96 236 240 220 224 400 400 151 157 396 400 
IN-1 F08                                     
IN-1 F09 366 368 106 106 180 184 87 87 232 236 220 220 402 402 147 151 408 420 
IN-1 F10 366 368 104 110 166 178 90 99 236 238 224 226 386 386 151 151 404 408 
IN-1 F11 364 366 102 108 166 176 87 93 230 232 220 224 402 402 145 161 404 412 
IN-1 F12 358 366 106 118 188 190 90 93 232 236 220 222 402 404 159 163 408 412 
IN-1 G01 366 366 106 108 166 172 90 93 232 236 220 220 402 404 147 159 404 416 
IN-1 G02 356 364 118 118 176 188 84 87 234 238 218 224 386 400 143 151 400 404 
IN-1 G03 356 366 108 120 172 190 84 90 234 238 220 220 402 404 147 153 408 420 
IN-1 G04 356 368 106 118 172 176 84 87 230 232 224 228 400 400 145 145 400 404 
IN-1 G05 364 366 108 110 186 186 84 90 232 232 228 228 400 404 145 145 408 412 
IN-1 G06 356 358 118 120 178 186 84 96 238 240 224 224 386 386 145 151 408 416 
IN-1 G07 358 366 108 118 172 176 90 93 232 238 212 220 386 402 151 151 400 412 
IN-1 G08 356 356 114 120 170 188 84 87 230 234 220 224 400 402 145 163 412 412 
IN-1 G09 356 364 106 118 176 188 81 93 230 242 220 228 400 400 137 145 400 404 
252 
 
IN-1 G10                                     
IN-1 G11 366 366 102 106 166 178 87 99 232 236 216 220 400 404 145 159 404 416 
IN-1 G12 356 364 104 118 174 188 87 96 236 238 220 222 386 402 147 151 396 396 
IN-1 H01 356 364 108 116 186 186 87 87 236 238 220 220 402 404 147 159 412 420 
IN-1 H02 356 366 104 120 178 178 81 90 224 230 224 226 402 402 145 145 408 412 
IN-1 H03 356 366 104 106 174 178 84 93 230 230 220 222 402 402 145 163 408 408 
IN-1 H04 356 366 100 118 176 176 87 87 232 236 220 220 402 402 147 163 404 420 
IN-1 H05 364 366 102 104 186 188 78 96 236 238 222 228 386 400 151 153 404 408 
IN-1 H06 356 358 114 114 184 188 84 93 224 230 220 224 400 402 145 149 404 412 
IN-1 H07 364 370 106 106 176 178 87 90 232 238 224 224 386 402 145 151 396 408 
IN-1 H08 366 366 108 112 186 188 87 90 230 238 220 224 386 402 147 151 416 416 
IN-1 H09 356 366 102 118 166 176 90 93 230 236 218 226 402 402 145 153 400 412 
IN-1 H10 358 366 104 118 186 188 90 96 236 238 220 224 386 404 151 163 400 412 
IN-1 H11 364 374 106 112 176 178 87 87 236 236 220 222 402 402 137 147 400 420 
IN-1 H12 364 364 106 110 172 188 87 90 236 238 224 224 386 400 145 153 404 408 
CA-1 A01      356 366 102 118 176 180 87 93 224 238 210 220 400 402 145 147 400 408 
CA-1 A02 366 366 106 110 176 186 81 87 232 238 220 220 400 402 145 145 404 412 
CA-1 A03 356 366 118 120 176 176 84 87 224 236 220 222 400 402 137 145 404 408 
CA-1 A04 366 368 110 120 176 184 87 96 232 236 220 220 400 402 145 161 408 412 
CA-1 A05 367 367 102 110 176 176 87 96 236 238 216 224 386 400 151 159 404 408 
CA-1 A06 356 364 106 122 176 184 93 93 224 236 216 220 400 402 147 159 408 408 
CA-1 A07 356 364 110 118 172 176 90 93 232 240 218 224 386 404 145 151 408 408 
CA-1 A08 366 366 102 102 176 176 87 96 236 238 220 222 386 398 145 161 404 412 
CA-1 A09 356 360 118 118 176 188 90 93 230 238 220 220 402 404 145 145 404 408 
CA-1 A10 356 364 110 118 176 190 87 87 230 234 224 224 386 402 153 163 404 412 
253 
 
CA-1 A11 356 364 104 108 170 176 84 87 230 232 220 226 388 402 151 161 412 412 
CA-1 A12 362 364 106 114 176 178 87 93 230 232 218 224 402 402 145 145 404 424 
CA-1 B01 356 366 106 122 172 176 87 96 230 232 220 224 400 402 163 165 400 412 
CA-1 B02 356 368 120 120 176 188 90 96 224 232 220 224 400 402 159 163 404 412 
CA-1 B03 364 370 106 108 176 176 84 87 238 238 216 224 386 400 145 151 404 404 
CA-1 B04 356 366 106 114 186 186 84 90 236 242 218 222 386 400 145 151 400 400 
CA-1 B05 364 364 106 108 172 188 84 87 224 230 220 224 400 400 145 159 404 404 
CA-1 B06 364 370 104 108 180 188 84 93 224 232 220 220 402 402 137 151 408 408 
CA-1 B07 364 368 104 108 176 184 84 87 236 238 222 224 386 402 149 157 412 412 
CA-1 B08 356 366 102 118 186 188 81 90 236 240 220 220 386 400 151 157 400 408 
CA-1 B09 366 366 104 108 176 178 81 99 230 236 220 224 402 404 145 145 408 412 
CA-1 B10 366 370 106 110 166 170 87 93 230 240 222 224 386 400 145 151 408 408 
CA-1 B11 370 370 112 118 176 190 84 87 232 236 220 220 402 402 145 163 400 412 
CA-1 B12 368 370 112 122 176 182 87 87 236 236 220 222 400 402 145 159 400 416 
CA-1 C01 366 366 102 110 176 186 84 93 238 238 220 220 402 404 145 159 404 412 
CA-1 C02 356 366 110 118 180 186 84 90 230 236 222 224 386 402 145 151 404 408 
CA-1 C03 364 368 110 120 176 176 87 96 234 240 220 220 404 404 145 145 404 416 
CA-1 C04 366 368 112 120 176 186 84 87 230 236 216 220 402 404 137 145 400 408 
CA-1 C05 356 364 108 118 176 182 81 96 232 232 220 224 402 402 145 145 408 416 
CA-1 C06 356 364 106 106 166 176 84 87 232 238 220 224 386 402 151 163 404 408 
CA-1 C07 356 370 106 118 186 188 81 93 234 238 218 228 386 402 151 151 408 408 
CA-1 C08 356 364 106 118 166 180 93 96 224 232 216 218 402 402 153 163 404 404 
CA-1 C09 366 368 108 110 188 188 81 90 224 230 220 222 402 402 147 151 408 412 
CA-1 C10 356 366 106 108 166 188 90 93 224 236 218 224 400 400 145 159 408 420 
CA-1 C11 364 366 106 110 176 180 84 84 236 236 220 220 402 404 145 159 400 404 
254 
 
CA-1 C12 364 366 98 108 176 178 81 90 236 236 220 222 400 404 145 161 404 420 
CA-1 D01 368 372 108 120 170 176 81 87 236 238 218 220 400 404 145 145 396 412 
CA-1 D02 368 370 106 108 176 176 87 93 230 238 220 224 386 402 145 151 412 416 
CA-1 D03 364 366 106 112 176 186 93 93 230 230 220 222 402 402 147 147 416 424 
CA-1 D04 356 367 106 110 176 178 87 99 236 238 224 224 386 404 151 159 408 412 
CA-1 D05 356 364 104 118 174 178 87 99 232 236 224 224 402 402 145 153 404 408 
CA-1 D06 356 364 102 116 174 184 81 93 230 238 222 224 386 402 147 149 412 416 
CA-1 D07 364 366 106 110 172 186 87 96 224 232 218 220 400 404 145 145 404 408 
CA-1 D08 356 364 104 120 176 186 81 93 238 238 220 220 404 404 145 159 404 408 
CA-1 D09 358 368 116 118 176 188 87 90 224 238 218 220 400 404 145 157 396 412 
CA-1 D10 364 366 96 106 172 178 84 90 224 236 218 220 402 402 151 151 400 416 
CA-1 D11 366 366 112 118 176 178 87 96 230 236 220 224 400 404 145 159 408 408 
CA-1 D12 356 366 106 120 176 188 84 96 224 234 216 220 404 406 145 151 404 412 
CA-1 E01 364 366 102 108 166 172 87 87 230 230 224 224 386 402 145 153 404 412 
CA-1 E02 366 366 106 106 176 176 87 87 236 236 222 222 402 402 137 137 408 408 
CA-1 E03 368 370 102 106 168 176 84 99 236 236 220 222 402 404 145 151 404 408 
CA-1 E04 364 368 106 110 166 174 90 90 238 238 222 224 386 386 151 151 412 416 
CA-1 E05 364 370 106 120 170 182 87 90 232 236 220 224 386 400 145 163 408 412 
CA-1 E06 366 370 106 122 176 182 90 93 232 234 220 224 402 404 145 149 396 412 
CA-1 E07 364 364 104 104 176 178 87 90 232 236 220 222 400 402 159 163 404 408 
CA-1 E08 356 364 104 116 176 184 93 96 230 236 222 224 402 402 137 147 412 416 
CA-1 E09 368 370 114 120 170 186 87 96 224 230 222 224 400 402 145 145 408 408 
CA-1 E10 364 366 108 116 176 178 93 93 236 238 220 220 402 404 145 163 404 412 
CA-1 E11 356 366 108 120 172 178 84 90 224 230 226 226 386 400 151 159 400 404 
CA-1 E12 356 356 120 122 176 176 87 87 230 232 220 220 402 402 145 151 408 412 
255 
 
CA-1 F01 356 367 110 114 176 188 84 87 226 236 220 220 400 402 145 159 396 412 
CA-1 F02 356 368 118 120 176 178 84 87 232 240 220 220 398 406 145 163 404 408 
CA-1 F03 358 364 100 118 170 176 81 87 232 236 220 220 402 404 145 161 408 412 
CA-1 F04 356 366 104 118 186 186 87 90 236 238 220 224 402 404 145 159 404 416 
CA-1 F05 364 366 102 106 176 188 87 90 232 238 218 220 402 404 145 159 408 412 
CA-1 F06 366 368 106 120 170 184 87 87 236 236 220 220 402 404 145 145 400 404 
CA-1 F07 356 370 108 118 174 184 96 102 230 236 220 220 386 400 145 151 396 412 
CA-1 F08 364 370 104 118 174 176 81 84 232 234 218 220 402 404 145 161 400 412 
CA-1 F09 364 366 112 118 176 176 96 96 224 234 216 220 402 402 145 147 400 404 
CA-1 F10 356 370 106 114 172 176 87 87 232 234 220 220 402 404 159 161 412 412 
CA-1 F11 356 370 118 118 174 180 84 87 224 234 222 222 400 404 145 157 404 408 
CA-1 F12 356 370 106 118 170 182 87 93 224 236 220 222 400 400 145 159 408 412 
CA-1 G01 356 364 118 118 176 180 87 96 224 232 220 224 400 402 145 157 408 420 
CA-1 G02 356 366 114 118 180 180 81 84 232 236 220 224 404 404 145 151 396 404 
CA-1 G03 356 366 118 118 174 176 90 96 236 238 220 224 386 404 151 159 400 412 
CA-1 G04 356 364 108 118 176 184 84 87 236 238 220 224 402 404 145 145 404 408 
CA-1 G05 370 372 102 118 176 188 84 93 236 238 220 224 386 402 145 151 408 412 
CA-1 G06 364 368 108 120 176 186 87 93 236 238 220 220 402 402 145 165 404 408 
CA-1 G07 356 366 110 122 176 178 90 90 230 238 218 220 402 402 145 145 400 404 
CA-1 G08 364 366 108 108 172 176 93 96 224 230 216 222 400 402 145 147 400 404 
CA-1 G09 356 364 108 118 176 178 93 96 224 232 216 216 402 402 145 147 400 404 
CA-1 G10 356 358 110 118 172 180 81 84 236 236 218 220 402 404 145 159 404 408 
CA-1 G11 356 364 106 106 170 188 87 87 224 230 222 228 386 400 145 151 396 416 
CA-1 G12 356 366 102 106 170 174 84 96 230 236 216 224 386 404 145 149 408 412 
CA-1 H01 366 366 112 118 176 186 84 96 224 228 216 230 388 398 151 151 408 412 
256 
 
CA-1 H02 368 370 102 118 174 176 84 87 232 234 218 224 386 404 145 151 400 400 
CA-1 H03 366 370 108 112 174 188 84 87 230 242 224 230 386 386 145 151 404 420 
CA-1 H04 366 370 102 120 170 188 84 87 236 240 220 222 402 402 145 145 404 416 
CA-1 H05 364 366 102 102 176 176 90 93 236 236 218 224 400 402 137 155 408 408 
CA-1 H06 356 356 118 118 188 190 90 93 236 236 222 222 402 402 137 137 408 412 
CA-1 H07 356 372 102 120 180 186 81 93 224 236 220 220 402 402 145 161 408 412 
CA-1 H08 356 368 118 120 170 176 87 93 236 238 220 228 402 404 145 145 412 416 
CA-1 H09 364 366 102 110 176 176 96 96 230 236 220 230 388 404 145 151 396 408 
CA-1 H10 368 368 118 120 172 176 84 87 236 238 222 224 386 402 137 151 408 416 
CA-1 H11 356 372 110 118 176 186 87 90 224 230 224 232 388 400 151 159 404 412 
CA-1 H12 356 374 118 118 174 174 96 96 224 230 222 224 400 402 145 159 400 408 
AA-1 A01      358 364 100 108 172 176 87 87 232 238 220 220 400 406 145 145 408 412 
AA-1 A02 354 362 112 114 166 176 87 90 232 234 220 226 402 406 145 155 404 412 
AA-1 A03 354 356 82 118 166 170 72 87 232 236 208 234 390 398 145 145 416 416 
AA-1 A04 354 368 106 106 166 168 78 90 230 236 208 234 390 406 145 155 404 412 
AA-1 A05 362 368 106 112 166 176 87 90 234 236 226 230 402 402 145 145 412 416 
AA-1 A06 360 364 108 108 168 172 87 96 232 236 220 220 402 402 145 147 404 420 
AA-1 A07 356 364 100 106 166 176 90 93 226 232 220 224 400 402 145 159 404 416 
AA-1 A08 364 368 106 106 166 176 81 84 232 238 210 224 386 396 145 151 404 408 
AA-1 A09 358 370 108 122 172 176 87 90 234 236 224 234 390 402 145 159 400 412 
AA-1 A10 364 364 108 108 172 176 78 99 230 236 220 228 392 402 145 165 404 408 
AA-1 A11 356 356 102 110 172 172 84 84 232 238 224 238 386 398 147 151 404 404 
AA-1 A12 364 366 100 108 176 184 87 96 236 240 224 224 386 400 145 161 400 404 
AA-1 B01 356 366 104 106 166 176 78 84 230 232 216 218 400 402 145 155 412 416 
AA-1 B02 354 356 100 118 172 172 69 93 232 238 220 232 402 402 145 159 408 412 
257 
 
AA-1 B03 364 368 108 110 176 186 90 90 224 232 222 228 386 400 151 163 408 408 
AA-1 B04 354 366 108 116 172 176 78 93 232 238 220 224 402 404 159 163 404 408 
AA-1 B05 354 360 100 106 168 172 87 87 230 232 220 224 402 402 145 145 404 412 
AA-1 B06 354 354 106 114 182 184 78 87 230 236 220 220 404 404 145 145 412 412 
AA-1 B07 354 368 106 120 172 186 84 93 230 238 208 220 402 406 145 155 408 412 
AA-1 B08 364 370 110 112 168 168 87 93 236 238 220 224 400 402 145 145 404 412 
AA-1 B09 364 368 98 110 166 176 81 87 232 236 220 220 404 410 165 165 404 408 
AA-1 B10 356 356 96 106 176 176 87 93 226 230 218 232 390 408 145 145 396 404 
AA-1 B11 354 366 102 118 168 176 69 96 230 238 220 220 386 402 145 145 404 412 
AA-1 B12 354 364 106 114 174 176 84 90 224 234 222 226 398 404 147 151 400 404 
AA-1 C01 356 366 110 118 176 176 90 96 232 232 216 224 400 402 145 145 400 404 
AA-1 C02 354 360 110 118 172 182 78 87 236 236 220 224 400 404 145 145 416 416 
AA-1 C03 356 368 104 120 176 176 87 87 236 236 220 222 398 406 145 145 400 408 
AA-1 C04 362 374 102 108 166 172 87 90 232 234 224 238 398 402 145 147 404 404 
AA-1 C05 354 364 106 116 172 176 87 87 224 236 216 220 402 402 145 147 404 420 
AA-1 C06 364 366 102 114 172 172 81 90 232 236 220 234 398 402 147 147 400 408 
AA-1 C07 368 370 102 106 166 168 84 87 236 236 220 220 402 402 145 151 396 408 
AA-1 C08 360 370 106 110 166 168 78 84 230 232 216 222 402 404 145 147 404 420 
AA-1 C09 364 366 102 110 166 190 84 96 224 234 220 220 406 408 145 159 404 412 
AA-1 C10 366 370 110 112 166 166 87 87 236 238 220 224 386 402 145 151 404 424 
AA-1 C11 356 368 118 120 176 176 87 96 238 238 220 224 386 402 145 151 408 412 
AA-1 C12 356 368 110 118 174 176 90 93 230 234 220 220 402 404 145 163 408 412 
AA-1 D01 354 368 98 114 166 176 78 90 234 236 220 220 400 402 145 145 400 404 
AA-1 D02 364 366 100 104 172 186 84 84 236 238 220 224 386 402 145 147 380 404 
AA-1 D03 364 370 112 112 166 176 84 93 230 230 208 220 402 406 155 159 408 416 
258 
 
AA-1 D04 354 366 106 114 168 176 87 87 230 232 220 230 398 402 137 145 408 420 
AA-1 D05 354 354 114 118 168 174 81 84 236 238 220 226 400 404 145 151 396 404 
AA-1 D06 356 356 104 106 166 176 90 90 232 236 224 234 386 398 147 151 404 408 
AA-1 D07 366 368 98 106 174 184 84 87 228 230 210 220 396 402 145 151 412 412 
AA-1 D08 356 358 104 118 166 176 87 90 232 236 220 220 402 402 145 147 408 424 
AA-1 D09 362 366 112 112 176 178 81 93 234 236 220 226 402 404 151 155 408 416 
AA-1 D10 364 366 106 108 174 184 87 87 236 240 220 224 386 402 145 159 400 416 
AA-1 D11 364 366 108 110 178 188 90 96 232 236 216 220 402 404 145 159 412 416 
AA-1 D12 356 366 110 110 166 172 84 84 232 232 228 230 398 398 147 147 400 400 
AA-1 E01 364 370 100 108 172 176 87 87 232 236 220 220 402 406 145 145 404 420 
AA-1 E02 354 380 102 114 168 176 84 93 230 232 224 238 398 400 147 153 404 404 
AA-1 E03 368 370 100 102 172 184 84 90 230 238 204 222 386 398 145 151 400 408 
AA-1 E04 354 356 106 118 176 184 87 96 234 236 218 220 402 404 145 145 408 412 
AA-1 E05 356 366 112 118 176 176 84 90 232 240 214 224 386 400 151 153 404 412 
AA-1 E06 356 356 104 118 166 176 87 96 232 236 208 222 398 402 145 147 404 408 
AA-1 E07 354 370 104 110 166 176 78 93 230 244 220 224 404 404 155 163 404 416 
AA-1 E08 364 366 104 106 172 172 87 93 236 236 220 224 386 402 145 149 404 408 
AA-1 E09 364 366 104 112 170 172 78 96 232 236 220 224 386 402 145 151 408 408 
AA-1 E10 358 370 112 114 170 176 84 87 230 230 212 220 396 410 147 165 412 412 
AA-1 E11 356 366 110 118 166 176 84 90 230 236 222 222 386 406 145 151 396 400 
AA-1 E12 364 368 100 106 172 174 84 96 236 236 220 234 390 402 145 147 404 412 
AA-1 F01                                     
AA-1 F02 364 364 104 106 176 176 93 96 236 236 220 220 402 404 145 145 404 408 
AA-1 F03 354 370 110 114 166 168 87 87 230 232 220 238 398 402 147 159 404 404 
AA-1 F04 354 366 108 114 168 172 90 93 236 236 220 222 386 402 145 147 404 416 
259 
 
AA-1 F05 356 368 108 112 168 176 81 87 232 236 220 224 404 406 155 165 404 420 
AA-1 F06 354 356 100 106 166 182 90 93 230 236 206 220 404 404 155 161 404 408 
AA-1 F07 364 370 104 110 166 166 87 90 226 232 222 224 400 402 145 155 404 416 
AA-1 F08 356 366 100 112 172 176 93 96 230 230 224 226 386 406 147 165 408 412 
AA-1 F09 364 368 106 114 166 172 84 84 230 240 212 220 402 404 143 145 404 408 
AA-1 F10 358 364 98 106 166 168 78 84 236 238 220 220 404 404 145 155 400 408 
AA-1 F11 354 362 110 116 166 172 84 87 236 236 220 222 402 402 147 159 408 408 
AA-1 F12 354 360 116 120 172 172 90 93 236 236 220 232 390 404 145 145 404 408 
AA-1 G01 366 368 104 108 166 186 84 87 230 232 224 224 394 402 145 145 408 416 
AA-1 G02 364 364 100 100 172 172 84 87 230 236 220 224 402 402 137 147 404 412 
AA-1 G03 356 364 106 108 166 176 84 93 230 230 218 224 402 406 163 165 408 412 
AA-1 G04 366 374 100 108 176 186 84 93 236 238 224 228 400 404 145 163 400 412 
AA-1 G05 356 364 100 104 166 172 81 90 228 232 220 224 402 402 145 159 400 404 
AA-1 G06 354 364 106 116 172 178 78 90 230 232 220 220 404 410 145 165 400 416 
AA-1 G07 354 368 106 112 172 176 84 84 230 230 208 208 398 406 155 155 412 428 
AA-1 G08 354 368 106 112 172 176 84 84 230 230 208 208 398 406 155 155 412 428 
AA-1 G09 356 368 98 108 172 174 84 90 232 234 224 228 396 402 145 159 412 416 
AA-1 G10 364 366 100 106 166 176 90 93 232 242 220 220 402 410 145 161 412 412 
AA-1 G11 364 366 108 110 172 178 87 87 230 232 220 220 402 402 145 163 408 420 
AA-1 G12 356 370 118 118 176 176 84 87 236 236 220 220 396 404 145 159 408 412 
AA-1 H01 356 364 106 118 166 172 84 93 230 232 220 224 402 406 147 163 404 424 
AA-1 H02 364 364 100 108 168 172 84 93 236 236 220 226 386 402 145 147 416 416 
AA-1 H03 356 370 112 118 166 174 84 99 226 236 220 220 404 404 145 155 400 404 
AA-1 H04 364 368 100 106 168 168 87 93 230 236 220 222 402 402 145 159 400 408 
AA-1 H05 362 372 102 108 166 166 84 90 236 236 214 220 400 402 145 147 400 408 
260 
 
AA-1 H06 362 364 112 116 180 184 87 96 230 230 220 224 402 404 145 159 400 412 
AA-1 H07 360 366 98 106 168 172 87 102 232 232 220 224 402 402 145 145 416 416 
AA-1 H08 354 366 106 112 174 176 87 90 226 230 220 222 404 404 145 151 396 420 
AA-1 H09 356 364 106 120 166 176 81 87 230 232 208 216 396 398 145 145 412 416 
AA-1 H10 364 366 102 106 172 176 81 96 224 236 218 220 400 402 159 159 404 408 
AA-1 H11 364 370 100 108 168 172 81 84 226 236 220 224 400 402 147 157 404 420 
AA-1 H12 366 368 102 106 172 176 81 84 226 238 220 226 404 404 153 159 400 408 
No. of homozygous samples 75 57 72 93 93 119 124 126 76 




Table S5. Continued 
Plate well no. D11S1760 HBB5576 HBB5655 HBB5820 HBB5859 D11S1338 RM 
No. of homozygous 
markers in each 
sample 
No. of heterozygous 
markers in each 
sample 
CH-1 A01      182 192 320 326 269 277 295 295 370 374 123 131   3 12 
CH-1 A02 182 196 324 328 265 265 295 295 370 382 123 131   3 12 
CH-1 A03 194 212 324 332 265 265 295 299 366 374 129 131   4 11 
CH-1 A04 196 200 324 332 273 273 295 297 366 374 123 131   2 13 
CH-1 A05 184 210 322 332 269 269 297 303 370 378 123 131   4 11 
CH-1 A06 192 204 326 336 265 277 295 303 370 370 129 131   4 11 
CH-1 A07 196 210 328 332 273 275 295 303 366 374 129 131   3 12 
CH-1 A08                         contamination     
CH-1 A09 194 200 326 328 265 269 297 297 366 366 123 133   5 10 
CH-1 A10 214 216 328 332 269 271 297 305 366 366 123 131   3 12 
CH-1 A11 182 200 324 332 263 269 295 303 374 374 123 131   3 12 
CH-1 A12 198 210 324 328 265 269 295 295 374 374 123 129   3 12 
CH-1 B01 210 210 326 326 267 273 295 295 370 374 129 131   4 11 
CH-1 B02 196 212 328 328 267 275 303 311 366 366 129 131   3 12 
CH-1 B03 192 198 314 326 265 269 295 297 374 378 129 131   4 11 
CH-1 B04 192 200 332 332 267 273 295 297 370 378 123 129   1 14 
CH-1 B05 186 210 324 326 269 273 295 303 378 382 123 123   2 13 
CH-1 B06 200 212 328 328 265 265 295 303 378 378 123 123   6 9 
CH-1 B07 182 196 322 326 267 269 295 307 366 378 123 131   0 15 
CH-1 B08 182 210 328 332 265 271 295 297 366 374 129 131   0 15 
CH-1 B09 196 200 328 328 265 273 295 295 378 382 123 131   4 11 
CH-1 B10 196 200 316 336 267 273 295 295 374 378 125 129   2 13 
262 
 
CH-1 B11 192 208 330 334 255 269 297 307 366 366 123 131   2 13 
CH-1 B12 206 210 324 336 265 271 295 303 374 374 131 131   4 11 
CH-1 C01 196 196 320 322 271 273 295 311 370 378 129 129   4 11 
CH-1 C02 200 210 322 332 263 265 295 297 374 378 129 131   1 14 
CH-1 C03 202 210 328 332 265 265 295 303 374 386 129 131   1 14 
CH-1 C04 208 212 328 328 267 269 307 309 354 370 123 131   1 14 
CH-1 C05 192 196 332 336 269 275 295 295 370 374 125 131   4 11 
CH-1 C06 204 210 328 332 267 273 295 297 366 378 123 123   1 14 
CH-1 C07 208 210 324 332 263 269 295 295 374 378 125 131   1 14 
CH-1 C08 196 198 328 328 265 267 295 295 374 378 129 131   3 12 
CH-1 C09 198 210 332 336 265 273 295 295 378 378 123 131   8 7 
CH-1 C10                         contamination     
CH-1 C11 194 210 326 332 265 269 297 307 378 378 125 131   2 13 
CH-1 C12 192 194 326 332 265 273 295 297 370 378 125 133   3 12 
CH-1 D01 194 210 324 326 267 273 295 307 354 374 123 131   0 15 
CH-1 D02 210 212 326 328 265 269 295 295 370 378 123 129   3 12 
CH-1 D03 210 210 324 328 265 273 295 309 366 374 123 131   2 13 
CH-1 D04 200 200 320 324 265 269 297 307 366 366 131 131   4 11 
CH-1 D05 198 210 324 332 267 273 295 297 370 374 129 131   1 14 
CH-1 D06 196 200 324 329 267 269 295 297 366 374 123 123   1 14 
CH-1 D07 204 210 328 332 267 269 295 297 366 370 123 129   2 13 
CH-1 D08 192 210 328 332 265 277 309 309 366 366 131 131   3 12 
CH-1 D09 196 200 326 328 265 267 297 303 366 378 123 131   1 14 
CH-1 D10 212 214 328 332 265 269 295 299 366 370 123 131   4 11 
CH-1 D11 200 200 320 328 265 273 307 309 366 366 123 127   6 9 
263 
 
CH-1 D12 182 200 328 336 273 273 295 305 366 366 129 131   5 10 
CH-1 E01 200 210 320 332 267 269 301 303 366 374 129 131   3 12 
CH-1 E02 192 210 326 326 265 267 295 295 374 378 123 131   3 12 
CH-1 E03 194 208 326 330 269 273 295 297 370 374 129 129   6 9 
CH-1 E04 198 200 328 336 265 269 295 307 366 382 123 129   4 11 
CH-1 E05 210 212 328 332 265 273 295 295 374 374 131 131   4 11 
CH-1 E06 196 210 326 332 269 273 295 295 374 378 123 123   3 12 
CH-1 E07                         contamination     
CH-1 E08 196 208 324 332 265 269 295 303 370 374 131 131   2 13 
CH-1 E09 196 196 328 329 269 279 295 297 370 374 123 129   2 13 
CH-1 E10 196 200 324 332 269 273 295 297 366 382 123 123   1 14 
CH-1 E11 192 196 328 328 267 269 297 309 366 366 131 131   4 11 
CH-1 E12 186 210 332 340 265 275 295 299 362 366 123 129   0 15 
CH-1 F01 196 198 324 336 265 269 295 303 370 378 123 131   1 14 
CH-1 F02 192 196 328 328 269 273 295 297 370 382 123 123   5 10 
CH-1 F03 192 200 324 326 269 269 297 307 366 370 123 123   5 10 
CH-1 F04 194 194 336 340 273 273 295 303 374 378 123 129   2 13 
CH-1 F05 194 210 324 336 265 273 295 297 366 374 123 129   1 14 
CH-1 F06 192 200 330 332 265 265 295 297 370 374 123 129   1 14 
CH-1 F07 196 210 326 336 265 265 295 309 370 370 123 129   3 12 
CH-1 F08                         no amplification     
CH-1 F09 182 212 326 328 267 267 295 309 366 374 129 131   2 13 
CH-1 F10 196 210 326 328 265 273 299 307 366 370 129 131   1 14 
CH-1 F11 200 212 314 332 269 273 297 307 366 366 129 129   3 12 
CH-1 F12 200 212 328 336 267 269 295 303 370 378 123 131   1 14 
264 
 
CH-1 G01 210 212 328 344 265 265 307 309 366 366 129 131   2 13 
CH-1 G02 200 210 326 328 267 271 299 303 366 374 131 131   2 13 
CH-1 G03 196 200 328 332 265 269 295 295 370 374 129 129   5 10 
CH-1 G04 200 210 328 328 267 271 295 303 370 374 129 131   3 12 
CH-1 G05 200 210 332 332 269 273 297 299 366 366 123 131   4 11 
CH-1 G06 186 188 318 326 265 269 295 309 366 370 129 133   0 15 
CH-1 G07 196 210 328 332 265 265 295 307 366 370 129 129   4 11 
CH-1 G08                         contamination     
CH-1 G09 182 212 332 332 265 269 303 303 374 374 131 131   6 9 
CH-1 G10 196 200 328 328 265 269 295 297 374 378 123 129   3 12 
CH-1 G11 182 182 318 322 269 273 295 295 378 378 129 131   5 10 
CH-1 G12 192 210 326 332 261 267 295 307 366 370 123 123   3 12 
CH-1 H01 182 210 330 332 263 265 297 299 366 366 123 131   4 11 
CH-1 H02 196 206 328 336 269 275 303 309 366 378 131 131   3 12 
CH-1 H03 182 210 318 322 265 269 295 297 366 374 123 123   3 12 
CH-1 H04 200 210 320 328 269 273 297 307 366 366 123 131   3 12 
CH-1 H05 182 196 322 336 265 275 295 295 366 378 131 133   3 12 
CH-1 H06 196 196 324 328 265 269 309 309 366 370 129 133   4 11 
CH-1 H07 196 210 328 336 269 269 295 303 370 374 129 131   4 11 
CH-1 H08 196 200 328 336 267 273 295 295 374 378 131 131   6 9 
CH-1 H09 200 204 322 322 269 269 297 299 354 366 127 131   4 11 
CH-1 H10 200 210 326 328 263 269 295 307 366 374 123 127   0 15 
CH-1 H11 182 210 322 324 265 273 297 303 366 378 123 131   2 13 
CH-1 H12 196 210 324 332 265 269 297 299 366 366 123 129   1 14 
ML-1 A01      198 210 319 340 265 271 297 305 366 366 123 129   1 14 
265 
 
ML-1 A02 186 208 324 328 265 269 297 303 370 374 125 131   2 13 
ML-1 A03 182 210 320 332 265 265 297 307 366 370 123 123   4 11 
ML-1 A04 186 198 326 332 267 273 295 311 362 374 123 123   1 14 
ML-1 A05 200 200 330 340 265 267 295 305 370 370 129 131   2 13 
ML-1 A06 182 196 320 324 265 271 295 309 358 378 123 125   3 12 
ML-1 A07 182 186 326 328 269 273 295 295 374 374 123 123   5 10 
ML-1 A08 196 200 328 340 265 267 295 297 366 378 123 129   0 15 
ML-1 A09 182 200 324 336 265 269 295 295 370 370 129 131   2 13 
ML-1 A10 182 186 318 340 265 265 299 309 366 366 123 133   5 10 
ML-1 A11 186 192 328 328 265 273 295 307 366 370 123 129   2 13 
ML-1 A12 184 196 324 332 269 269 307 309 366 378 123 131   1 14 
ML-1 B01 210 210 316 324 265 267 295 297 358 378 123 129   1 14 
ML-1 B02 186 212 324 332 265 269 297 297 370 370 123 131   4 11 
ML-1 B03 184 220 314 322 265 271 295 297 366 378 123 123   3 12 
ML-1 B04 196 212 324 332 269 273 297 307 366 366 123 129   3 12 
ML-1 B05 196 210 324 328 265 269 295 307 366 374 129 131   1 14 
ML-1 B06 200 210 320 348 265 269 297 303 366 374 123 131   2 13 
ML-1 B07 200 208 320 326 265 275 295 299 370 374 123 131   0 15 
ML-1 B08 196 210 314 324 265 269 295 309 366 370 131 133   3 12 
ML-1 B09 182 210 324 336 267 271 297 297 366 370 123 125   2 13 
ML-1 B10 182 210 324 332 265 265 297 297 354 366 123 129   4 11 
ML-1 B11 184 184 314 336 265 273 295 295 370 374 123 129   3 12 
ML-1 B12 184 200 324 336 265 271 299 303 370 374 125 131   3 12 
ML-1 C01 196 206 324 328 265 267 303 307 366 374 123 131   3 12 
ML-1 C02 182 184 326 336 265 269 295 305 366 374 123 133   4 11 
266 
 
ML-1 C03 196 208 314 324 263 269 295 307 366 374 129 131   4 11 
ML-1 C04 196 200 324 328 267 273 295 311 366 374 125 131   4 11 
ML-1 C05 186 212 332 332 269 275 307 309 366 366 123 131   2 13 
ML-1 C06 184 210 336 336 267 269 295 309 366 374 129 131   3 12 
ML-1 C07 192 200 327 332 267 273 305 311 366 366 125 131   1 14 
ML-1 C08 196 196 328 332 265 267 295 297 366 370 123 129   2 13 
ML-1 C09 198 200 332 336 265 265 309 309 366 366 131 135   3 12 
ML-1 C10 196 200 324 328 267 269 297 299 366 366 123 125   2 13 
ML-1 C11 200 210 324 344 265 269 299 307 366 378 123 131   0 15 
ML-1 C12 192 208 328 332 269 273 297 309 366 378 123 129   1 14 
ML-1 D01 196 210 324 332 265 273 295 295 366 378 123 123   3 12 
ML-1 D02 210 210 324 328 265 265 295 303 370 374 123 131   3 12 
ML-1 D03 184 184 324 326 265 269 307 307 366 366 123 131   4 11 
ML-1 D04 184 196 324 324 273 273 295 309 366 374 123 135   2 13 
ML-1 D05 182 210 316 320 265 271 295 295 378 382 123 123   4 11 
ML-1 D06 196 212 324 336 267 269 295 311 366 378 123 131   3 12 
ML-1 D07 196 210 324 326 269 271 295 303 378 382 123 125   3 12 
ML-1 D08 200 200 324 324 265 265 295 295 374 374 123 129   6 9 
ML-1 D09 192 200 314 324 265 265 295 297 366 374 123 129   2 13 
ML-1 D10 184 210 322 324 265 267 295 299 366 378 123 129   2 13 
ML-1 D11 200 206 322 324 265 265 303 305 366 374 129 131   2 13 
ML-1 D12 210 210 324 326 265 269 295 307 366 374 129 133   2 13 
ML-1 E01 184 208 316 326 273 273 295 295 366 378 123 129   2 13 
ML-1 E02 196 210 324 340 265 265 297 297 366 366 129 131   5 10 
ML-1 E03 182 208 322 324 265 265 297 309 366 370 123 131   6 9 
267 
 
ML-1 E04 184 186 318 322 265 267 295 303 374 378 125 129   1 14 
ML-1 E05 210 210 324 324 267 267 295 297 366 378 123 123   5 10 
ML-1 E06 184 192 328 336 267 267 295 307 366 370 129 131   1 14 
ML-1 E07 210 210 314 332 265 265 295 297 366 378 123 131   8 7 
ML-1 E08 196 200 324 328 265 265 295 297 366 382 123 127   4 11 
ML-1 E09 182 184 324 328 267 271 303 307 374 374 125 129   8 7 
ML-1 E10 196 200 318 324 265 273 303 309 366 378 129 133   1 14 
ML-1 E11 196 210 324 328 269 271 295 295 366 374 129 133   5 10 
ML-1 E12 186 210 324 328 267 269 295 295 366 374 123 131   2 13 
ML-1 F01 196 210 328 340 265 271 297 297 366 370 131 131   3 12 
ML-1 F02 184 184 326 336 265 269 295 305 366 374 123 133   5 10 
ML-1 F03 196 210 324 324 265 277 295 307 366 370 123 131   6 9 
ML-1 F04 200 208 336 336 265 267 295 297 366 374 123 129   2 13 
ML-1 F05 182 196 324 340 265 269 297 309 366 370 131 131   4 11 
ML-1 F06 182 200 320 328 265 267 295 295 374 382 123 131   3 12 
ML-1 F07 184 210 314 324 265 265 297 309 366 374 123 131   5 10 
ML-1 F08 210 214 324 332 267 273 299 307 366 378 131 131   4 11 
ML-1 F09 186 212 318 324 265 265 295 309 366 374 123 123   3 12 
ML-1 F10 192 210 326 328 265 269 295 307 362 374 131 131   2 13 
ML-1 F11 184 184 314 328 265 269 295 295 370 374 123 123   5 10 
ML-1 F12 196 200 336 336 267 271 295 297 366 374 123 123   4 11 
ML-1 G01 196 206 332 332 265 265 295 303 366 366 131 133   4 11 
ML-1 G02 196 202 324 324 265 265 295 309 366 374 129 133   4 11 
ML-1 G03 196 196 324 324 265 273 295 309 366 378 123 123   6 9 
ML-1 G04 184 196 324 324 265 271 295 295 370 374 123 123   5 10 
268 
 
ML-1 G05 182 210 324 324 267 269 305 307 366 374 125 131   2 13 
ML-1 G06 186 210 332 332 269 273 295 307 366 370 129 129   4 11 
ML-1 G07 184 200 324 336 265 269 299 309 370 370 125 131   5 10 
ML-1 G08 182 186 320 328 265 267 295 295 370 382 123 129   3 12 
ML-1 G09                         no amplification     
ML-1 G10 192 208 324 328 265 273 303 307 366 374 123 131   3 12 
ML-1 G11 182 210 320 324 265 269 295 307 366 382 123 131   0 15 
ML-1 G12 196 208 320 332 265 265 297 303 354 374 123 131   4 11 
ML-1 H01 198 210 319 340 265 271 297 305 366 366 123 129   1 14 
ML-1 H02 210 210 326 332 265 273 297 307 366 366 123 129   2 13 
ML-1 H03 184 200 314 318 265 265 295 297 374 378 123 131   2 13 
ML-1 H04 200 210 324 328 265 269 295 297 366 370 123 129   2 13 
ML-1 H05 196 210 318 332 269 273 297 307 366 366 123 125   3 12 
ML-1 H06 212 214 324 328 263 271 299 307 366 366 131 131   6 9 
ML-1 H07 184 186 318 328 265 265 295 295 370 378 123 129   4 11 
ML-1 H08 182 210 324 324 265 273 295 295 374 378 123 129   4 11 
ML-1 H09 196 198 328 328 265 265 297 299 366 378 131 131   3 12 
ML-1 H10 196 196 320 324 265 273 297 309 366 366 123 131   2 13 
ML-1 H11 196 210 324 326 265 269 295 307 374 374 129 129   3 12 
ML-1 H12 196 196 324 332 265 273 295 295 366 374 123 129   5 10 
IN-1 A01      186 192 316 328 265 269 297 307 366 370 123 131   4 11 
IN-1 A02 186 210 318 328 265 267 295 299 366 374 129 129   2 13 
IN-1 A03 182 186 326 330 265 273 295 297 374 374 123 133   2 13 
IN-1 A04 182 192 316 340 265 267 295 299 370 382 129 135   3 12 
IN-1 A05 186 202 312 332 269 271 295 297 366 366 129 129   5 10 
269 
 
IN-1 A06 200 202 332 340 267 269 301 307 366 370 125 131   3 12 
IN-1 A07 182 192 318 332 265 269 297 307 366 370 121 131   1 14 
IN-1 A08 182 186 320 332 265 269 295 305 366 396 123 129   2 13 
IN-1 A09 182 184 324 332 265 275 295 303 366 378 129 131   3 12 
IN-1 A10 182 208 324 328 267 269 307 313 366 366 123 131   4 11 
IN-1 A11 182 198 324 328 269 269 295 297 374 378 123 129   2 13 
IN-1 A12 200 200 318 322 265 267 295 295 370 374 123 129   4 11 
IN-1 B01 192 198 326 332 265 269 295 297 366 370 123 123   2 13 
IN-1 B02 182 192 308 332 265 265 295 295 370 370 123 131   8 7 
IN-1 B03 192 200 332 332 263 275 295 295 370 374 123 129   4 11 
IN-1 B04 182 184 332 332 265 265 295 307 362 366 123 129   4 11 
IN-1 B05 184 198 324 336 265 269 295 303 366 378 123 123   5 10 
IN-1 B06 196 208 328 332 265 267 295 295 370 374 129 129   5 10 
IN-1 B07 200 200 318 324 265 265 295 305 374 378 123 129   3 12 
IN-1 B08 196 196 336 340 265 265 297 307 362 370 121 123   2 13 
IN-1 B09 192 196 318 336 265 265 295 301 366 378 129 129   4 11 
IN-1 B10 182 182 318 324 265 267 295 303 370 370 123 129   3 12 
IN-1 B11 192 202 328 330 267 269 295 295 366 374 129 131   6 9 
IN-1 B12 192 210 318 332 265 265 295 297 366 374 131 131   2 13 
IN-1 C01 182 184 318 332 265 271 297 297 366 370 123 123   3 12 
IN-1 C02 196 202 320 336 267 271 295 307 374 378 125 129   4 11 
IN-1 C03 200 200 318 328 265 267 295 295 366 370 123 125   4 11 
IN-1 C04 182 212 320 326 265 265 297 297 366 370 123 131   6 9 
IN-1 C05 184 200 322 332 265 265 295 295 370 382 129 129   4 11 
IN-1 C06 192 194 336 336 269 271 295 295 370 378 123 131   5 10 
270 
 
IN-1 C07 196 210 328 328 265 267 303 307 366 366 123 129   4 11 
IN-1 C08 182 200 316 332 267 269 295 297 374 378 123 129   2 13 
IN-1 C09 192 192 316 326 265 265 295 297 366 370 123 129   4 11 
IN-1 C10 192 192 318 332 265 275 295 307 366 370 123 129   2 13 
IN-1 C11 186 202 322 332 259 265 295 295 366 370 123 131   3 12 
IN-1 C12 192 200 318 324 263 267 295 295 366 374 125 129   1 14 
IN-1 D01 180 182 320 326 265 267 295 297 366 370 133 133   2 13 
IN-1 D02 186 196 318 326 265 265 295 305 370 374 129 131   6 9 
IN-1 D03 182 196 322 332 261 269 295 295 370 374 123 129   4 11 
IN-1 D04 196 198 332 336 267 267 295 307 374 374 123 129   3 12 
IN-1 D05 196 210 324 336 265 265 295 307 374 378 123 123   4 11 
IN-1 D06 186 200 318 322 265 267 297 297 366 370 123 129   3 12 
IN-1 D07 192 198 320 340 267 269 297 307 362 366 123 125   1 14 
IN-1 D08 182 192 318 322 265 265 295 297 366 366 123 129   5 10 
IN-1 D09 184 186 318 320 265 267 297 307 366 370 123 129   0 15 
IN-1 D10 196 196 318 324 265 271 295 295 366 378 129 129   5 10 
IN-1 D11 192 192 318 324 267 271 295 295 370 370 129 129   8 7 
IN-1 D12 186 196 314 334 265 267 295 297 366 370 129 131   3 12 
IN-1 E01 182 182 316 324 265 267 295 305 370 378 123 123   4 11 
IN-1 E02 182 186 324 340 259 265 295 295 370 378 123 129   3 12 
IN-1 E03 182 192 314 328 265 267 295 299 366 370 123 131   2 13 
IN-1 E04 192 200 320 324 267 269 297 305 362 370 125 125   4 11 
IN-1 E05                         contamination     
IN-1 E06 182 200 320 320 265 265 297 307 366 374 123 123   5 10 
IN-1 E07 182 188 322 332 265 271 295 295 366 370 123 129   4 11 
271 
 
IN-1 E08 184 210 318 328 265 267 295 295 366 378 123 129   1 14 
IN-1 E09 192 192 324 336 253 267 295 297 370 374 123 129   2 13 
IN-1 E10 184 186 322 330 263 267 295 297 370 388 123 127   1 14 
IN-1 E11 196 200 318 332 269 269 297 297 360 370 121 131   6 9 
IN-1 E12 192 200 318 318 265 269 297 297 366 378 123 131   5 10 
IN-1 F01 182 202 322 332 257 265 307 307 366 378 123 123   6 9 
IN-1 F02 196 196 318 318 265 265 295 307 362 378 123 129   4 11 
IN-1 F03 200 212 332 336 265 267 295 297 366 374 129 129   1 14 
IN-1 F04 200 210 316 332 269 269 295 295 374 374 129 129   4 11 
IN-1 F05 184 196 328 336 265 265 305 305 366 370 123 131   3 12 
IN-1 F06                         contamination     
IN-1 F07 182 196 314 328 269 269 295 307 366 378 123 129   3 12 
IN-1 F08                         no amplification     
IN-1 F09 186 196 318 332 265 265 295 297 370 374 129 129   6 9 
IN-1 F10 186 210 326 330 265 273 295 297 366 378 123 123   3 12 
IN-1 F11 186 186 326 340 263 267 295 297 374 378 125 129   2 13 
IN-1 F12 186 196 320 324 259 265 301 307 370 378 123 129   0 15 
IN-1 G01 182 192 326 326 265 267 307 307 358 366 123 123   5 10 
IN-1 G02 192 196 318 320 265 269 295 297 366 374 125 129   1 14 
IN-1 G03 182 202 328 332 267 269 297 307 362 366 123 123   2 13 
IN-1 G04 196 204 322 326 257 273 295 295 366 370 123 129   3 12 
IN-1 G05 184 192 318 320 265 269 297 301 370 378 125 129   4 11 
IN-1 G06 182 210 318 324 265 267 295 301 370 374 129 129   3 12 
IN-1 G07 186 202 328 332 267 269 295 309 366 374 123 129   1 14 
IN-1 G08 192 192 322 326 261 263 295 305 366 366 123 123   5 10 
272 
 
IN-1 G09 182 200 328 332 267 267 303 307 374 378 123 131   2 13 
IN-1 G10                         no amplification     
IN-1 G11 186 202 318 318 263 267 295 305 366 370 129 131   2 13 
IN-1 G12 182 200 318 324 265 265 295 295 370 374 123 123   4 11 
IN-1 H01 186 202 312 332 269 271 295 297 366 366 129 129   5 10 
IN-1 H02 182 196 318 344 265 269 297 301 370 370 129 131   4 11 
IN-1 H03 192 192 318 336 265 275 295 307 366 370 129 129   5 10 
IN-1 H04 174 182 318 318 261 267 295 311 370 374 123 125   5 10 
IN-1 H05 182 196 322 324 265 267 295 297 370 378 123 131   0 15 
IN-1 H06 182 196 318 324 265 269 295 307 366 370 123 131   1 14 
IN-1 H07 182 196 328 332 267 267 295 307 358 378 123 129   3 12 
IN-1 H08 186 200 318 326 265 267 295 297 366 370 129 131   2 13 
IN-1 H09 196 196 322 324 267 267 307 307 358 362 123 123   5 10 
IN-1 H10 184 202 332 332 265 269 295 295 366 378 127 129   2 13 
IN-1 H11 182 196 328 336 265 269 295 295 366 378 123 123   5 10 
IN-1 H12 186 196 324 328 265 267 295 297 370 374 123 129   2 13 
CA-1 A01      184 192 318 326 263 273 295 295 370 370 125 129   2 13 
CA-1 A02 186 196 322 322 265 267 295 307 366 370 123 131   4 11 
CA-1 A03 184 184 314 326 267 267 295 297 362 370 123 125   3 12 
CA-1 A04 196 200 322 322 265 265 295 297 366 370 123 123   4 11 
CA-1 A05 182 192 318 322 267 267 295 295 374 374 129 129   6 9 
CA-1 A06 192 210 316 322 265 267 295 307 370 374 123 123   3 12 
CA-1 A07 186 192 318 328 265 267 295 307 366 370 123 123   2 13 
CA-1 A08 184 184 322 336 265 265 299 305 366 366 129 131   6 9 
CA-1 A09 184 192 318 326 265 269 295 295 370 374 129 129   5 10 
273 
 
CA-1 A10 184 192 322 332 267 269 295 295 374 374 123 131   4 11 
CA-1 A11 184 192 332 334 265 265 295 295 370 374 129 129   4 11 
CA-1 A12 186 192 326 336 265 265 295 297 374 374 123 131   4 11 
CA-1 B01 192 192 322 322 267 269 295 307 366 378 129 129   3 12 
CA-1 B02 184 200 322 326 263 267 297 301 370 370 125 129   2 13 
CA-1 B03 192 192 322 336 263 267 295 297 374 378 125 131   4 11 
CA-1 B04 184 192 318 332 265 267 295 297 374 374 131 131   4 11 
CA-1 B05 184 192 326 326 267 267 307 307 366 370 123 129   6 9 
CA-1 B06 192 192 320 326 265 269 295 307 366 370 123 123   5 10 
CA-1 B07 186 192 322 322 265 267 295 307 370 374 123 123   3 12 
CA-1 B08 184 196 322 332 267 267 295 299 370 374 123 129   2 13 
CA-1 B09 192 196 332 336 259 267 295 295 366 378 131 131   4 11 
CA-1 B10 192 192 322 326 265 267 295 305 374 374 129 129   4 11 
CA-1 B11 186 192 322 336 263 267 295 295 366 374 123 129   4 11 
CA-1 B12 192 196 326 330 263 265 295 301 370 374 125 129   2 13 
CA-1 C01 192 196 328 332 265 267 295 301 370 370 123 129   4 11 
CA-1 C02 182 184 314 318 267 267 295 297 370 374 131 131   2 13 
CA-1 C03 184 186 318 332 265 271 295 297 370 370 123 131   5 10 
CA-1 C04 186 192 332 336 261 265 295 297 366 370 123 123   1 14 
CA-1 C05 192 196 318 330 265 267 295 295 370 374 123 131   4 11 
CA-1 C06 192 200 318 320 267 269 295 295 370 378 125 129   2 13 
CA-1 C07 192 192 316 326 261 267 295 297 370 378 129 131   3 12 
CA-1 C08 182 192 318 330 265 267 295 295 374 374 123 129   4 11 
CA-1 C09 192 192 322 322 265 265 295 295 366 370 129 131   6 9 
CA-1 C10 182 192 322 324 267 267 305 307 366 366 123 129   3 12 
274 
 
CA-1 C11 188 192 322 326 267 267 295 303 370 378 125 129   4 11 
CA-1 C12 192 196 328 344 263 271 297 297 370 370 123 131   3 12 
CA-1 D01 186 196 322 326 267 267 295 295 374 396 129 129   4 11 
CA-1 D02 196 200 318 330 265 267 295 295 370 378 121 129   2 13 
CA-1 D03 184 192 320 340 265 269 295 305 366 378 129 131   4 11 
CA-1 D04 192 192 318 326 265 265 295 295 370 378 123 123   5 10 
CA-1 D05 184 186 318 336 265 267 295 307 370 374 123 123   3 12 
CA-1 D06 192 192 318 326 267 267 295 301 370 374 125 131   2 13 
CA-1 D07 184 192 318 326 265 267 295 307 358 374 123 131   1 14 
CA-1 D08 192 196 320 340 265 267 305 307 362 366 129 129   4 11 
CA-1 D09 182 192 314 314 265 265 295 297 374 396 129 131   2 13 
CA-1 D10 192 200 320 322 265 265 295 307 366 374 123 129   3 12 
CA-1 D11 182 210 322 326 263 265 295 297 370 370 123 131   3 12 
CA-1 D12 192 196 318 326 267 267 295 297 366 370 123 129   1 14 
CA-1 E01 192 200 314 318 267 267 295 297 378 378 123 129   5 10 
CA-1 E02 182 182 332 332 265 265 301 301 374 374 129 129   15 0 
CA-1 E03 186 186 318 322 267 271 295 297 366 378 125 129   2 13 
CA-1 E04 182 192 322 326 269 273 295 301 374 374 123 123   6 9 
CA-1 E05 200 212 326 332 265 265 295 305 370 374 123 123   2 13 
CA-1 E06 192 192 318 336 265 265 295 305 366 378 123 131   2 13 
CA-1 E07 184 192 318 322 267 269 295 295 378 378 129 131   4 11 
CA-1 E08 192 192 326 340 265 267 295 301 370 378 125 125   3 12 
CA-1 E09 192 196 314 314 267 267 295 307 366 382 123 123   5 10 
CA-1 E10 184 184 326 326 263 267 295 295 374 378 131 131   6 9 
CA-1 E11 182 192 322 326 267 267 303 309 366 374 123 123   3 12 
275 
 
CA-1 E12 186 192 318 326 267 267 295 297 370 374 129 131   6 9 
CA-1 F01 192 200 326 328 265 265 297 297 366 370 123 125   3 12 
CA-1 F02 196 200 322 322 267 271 295 295 374 374 123 129   4 11 
CA-1 F03 192 192 314 322 265 269 295 307 370 374 131 133   2 13 
CA-1 F04 184 192 318 318 265 265 295 301 370 374 125 131   3 12 
CA-1 F05 192 196 326 330 265 265 295 297 370 370 123 125   2 13 
CA-1 F06 182 184 322 332 265 267 307 307 366 370 123 123   6 9 
CA-1 F07 184 192 326 326 265 267 295 295 370 378 123 129   3 12 
CA-1 F08 186 192 322 326 263 269 295 295 370 374 129 131   1 14 
CA-1 F09 184 184 326 326 267 267 295 297 366 374 129 129   7 8 
CA-1 F10 182 192 314 330 263 267 295 295 374 374 129 131   5 10 
CA-1 F11 182 192 314 322 265 265 295 307 370 370 129 131   4 11 
CA-1 F12 192 196 330 330 265 267 295 307 370 374 123 129   2 13 
CA-1 G01 182 184 322 322 267 269 307 307 366 370 123 123   4 11 
CA-1 G02 196 200 318 318 265 267 295 295 370 374 125 129   4 11 
CA-1 G03 182 200 318 326 263 267 295 295 362 370 125 129   2 13 
CA-1 G04 184 186 318 322 265 267 295 295 366 378 129 131   2 13 
CA-1 G05 196 202 316 328 261 267 295 295 370 370 129 131   2 13 
CA-1 G06 192 210 326 330 265 267 295 309 366 370 131 131   3 12 
CA-1 G07 192 192 314 332 265 269 295 297 374 378 129 129   5 10 
CA-1 G08 184 184 322 332 261 269 295 313 366 374 123 123   3 12 
CA-1 G09 184 184 322 336 263 265 301 305 370 370 125 131   4 11 
CA-1 G10 182 188 314 320 265 267 295 297 366 370 123 123   2 13 
CA-1 G11 186 196 326 334 265 265 295 295 370 374 123 123   5 10 
CA-1 G12 188 196 316 328 267 267 295 309 378 378 125 131   2 13 
276 
 
CA-1 H01 182 192 314 318 265 269 301 307 366 370 123 129   2 13 
CA-1 H02 182 182 314 322 267 273 295 303 366 374 123 131   2 13 
CA-1 H03 192 200 318 336 267 269 295 307 366 366 123 131   2 13 
CA-1 H04 182 192 318 326 265 273 295 297 370 382 123 125   2 13 
CA-1 H05 192 196 336 340 263 265 305 307 366 378 123 131   4 11 
CA-1 H06 184 184 318 336 261 265 295 307 370 374 123 123   8 7 
CA-1 H07 182 196 314 336 265 267 295 303 370 370 129 131   3 12 
CA-1 H08 182 182 322 326 265 265 295 295 366 374 129 131   4 11 
CA-1 H09 182 184 322 326 265 265 295 297 374 378 129 129   4 11 
CA-1 H10 184 184 326 326 261 269 295 305 378 378 123 123   5 10 
CA-1 H11 184 184 314 322 263 265 305 307 366 378 123 125   1 14 
CA-1 H12 192 200 318 326 265 267 293 293 374 374 123 125   5 10 
AA-1 A01      184 192 326 336 263 265 295 307 366 366 123 127   4 11 
AA-1 A02 184 184 324 324 263 267 303 305 366 366 123 131   3 12 
AA-1 A03 184 192 320 332 250 267 295 297 366 370 123 139   2 13 
AA-1 A04 184 192 328 332 250 265 295 301 374 378 123 123   2 13 
AA-1 A05 184 200 324 328 263 265 303 303 366 370 129 133   3 12 
AA-1 A06 196 204 318 328 261 267 301 309 370 374 133 137   3 12 
AA-1 A07 186 192 326 330 263 267 295 303 370 370 123 133   1 14 
AA-1 A08 194 196 320 330 271 289 305 307 366 370 123 123   2 13 
AA-1 A09 184 194 310 324 265 267 295 301 366 378 119 123   0 15 
AA-1 A10 192 210 320 336 267 269 295 307 358 374 129 131   2 13 
AA-1 A11 192 194 328 328 265 265 297 303 370 370 125 131   7 8 
AA-1 A12 182 182 318 326 267 267 305 305 366 374 129 129   5 10 
AA-1 B01 184 196 332 332 265 265 295 307 370 378 125 129   2 13 
277 
 
AA-1 B02 182 186 322 330 267 297 295 295 370 374 125 131   3 12 
AA-1 B03 184 196 322 328 265 267 297 297 366 378 123 129   3 12 
AA-1 B04 186 204 332 334 259 265 295 305 366 374 123 133   0 15 
AA-1 B05 184 192 314 328 267 287 295 301 366 382 135 137   3 12 
AA-1 B06 182 202 318 322 267 267 297 309 370 374 131 139   6 9 
AA-1 B07 192 202 324 330 265 271 303 307 366 374 131 131   1 14 
AA-1 B08 192 196 320 332 261 269 295 305 370 378 123 123   3 12 
AA-1 B09 186 210 322 324 267 289 299 301 366 378 131 133   2 13 
AA-1 B10 192 192 316 340 261 269 297 305 366 370 123 123   5 10 
AA-1 B11 196 198 318 324 261 267 307 309 370 370 123 129   3 12 
AA-1 B12 184 192 322 328 267 273 295 311 366 374 123 139   0 15 
AA-1 C01 186 192 318 330 265 273 307 309 366 370 123 123   4 11 
AA-1 C02 184 196 316 318 267 297 295 305 370 374 123 129   3 12 
AA-1 C03 184 192 318 320 265 267 295 307 370 374 123 129   4 11 
AA-1 C04 184 186 324 328 265 293 295 299 370 378 129 137   1 14 
AA-1 C05 188 192 336 340 261 267 295 295 370 374 123 129   3 12 
AA-1 C06 184 196 324 336 267 269 295 301 366 374 119 123   2 13 
AA-1 C07 186 192 318 322 265 267 295 297 370 378 129 129   4 11 
AA-1 C08 186 196 328 334 253 275 305 305 374 374 123 131   2 13 
AA-1 C09 186 210 316 328 265 267 307 307 374 374 123 139   3 12 
AA-1 C10 186 210 328 332 269 273 299 301 370 374 123 131   2 13 
AA-1 C11 192 192 316 340 267 269 295 307 370 374 125 131   3 12 
AA-1 C12 186 192 318 318 267 267 295 295 370 374 131 131   5 10 
AA-1 D01 192 196 318 328 267 267 303 305 370 370 131 133   4 11 
AA-1 D02 182 196 318 318 265 265 297 301 370 374 123 131   3 12 
278 
 
AA-1 D03 184 192 330 332 267 267 307 309 374 378 123 139   3 12 
AA-1 D04 182 186 326 332 261 261 305 307 366 370 123 123   3 12 
AA-1 D05 192 200 318 320 267 269 295 297 378 378 123 131   2 13 
AA-1 D06 186 198 324 326 261 267 295 301 370 370 129 131   3 12 
AA-1 D07 192 192 320 328 271 293 295 305 374 374 129 131   3 12 
AA-1 D08 184 192 318 326 255 287 295 295 366 378 119 125   3 12 
AA-1 D09 190 192 320 344 255 267 295 303 374 378 123 123   2 13 
AA-1 D10 192 192 326 340 261 265 295 301 370 374 123 127   2 13 
AA-1 D11 184 192 326 332 267 267 295 307 366 382 123 129   1 14 
AA-1 D12 192 202 316 332 267 269 295 309 370 374 123 135   6 9 
AA-1 E01 182 192 318 322 265 267 295 301 370 378 123 129   3 12 
AA-1 E02 182 186 316 324 265 293 301 303 370 378 123 137   1 14 
AA-1 E03 186 186 318 332 265 289 295 303 374 374 121 123   2 13 
AA-1 E04 186 192 328 332 265 265 301 307 366 374 131 131   3 12 
AA-1 E05 186 192 326 328 265 283 295 297 362 370 125 139   1 14 
AA-1 E06 186 194 306 338 265 267 295 301 366 382 123 131   1 14 
AA-1 E07 186 192 306 334 267 267 297 305 370 374 123 125   2 13 
AA-1 E08 182 192 310 322 263 269 295 309 370 370 131 139   3 12 
AA-1 E09 184 192 330 342 265 265 295 301 374 382 129 133   2 13 
AA-1 E10 192 210 316 320 267 267 303 305 370 374 123 133   3 12 
AA-1 E11 192 192 318 336 265 269 295 301 366 370 123 129   2 13 
AA-1 E12 196 210 324 328 261 265 295 309 370 374 133 135   1 14 
AA-1 F01                         contamination     
AA-1 F02 186 192 322 322 267 269 295 295 374 378 121 129   7 8 
AA-1 F03 186 210 324 334 289 295 295 295 370 382 129 133   3 12 
279 
 
AA-1 F04 192 196 332 338 267 267 303 307 366 374 123 133   2 13 
AA-1 F05 188 210 316 330 263 287 295 305 374 382 123 137   0 15 
AA-1 F06 186 186 306 332 267 267 295 305 370 374 139 139   4 11 
AA-1 F07 196 198 316 328 265 267 295 295 374 378 123 131   2 13 
AA-1 F08 186 192 324 328 267 267 303 305 370 370 131 139   3 12 
AA-1 F09 184 186 316 330 253 267 301 307 366 370 123 123   2 13 
AA-1 F10 186 196 324 328 261 271 295 301 374 374 123 131   3 12 
AA-1 F11 188 196 320 324 261 267 309 309 370 370 123 133   5 10 
AA-1 F12 192 196 324 332 267 299 295 301 374 378 123 123   4 11 
AA-1 G01 192 196 328 328 271 293 295 305 366 374 123 139   3 12 
AA-1 G02 192 210 322 330 265 289 301 301 374 378 123 135   5 10 
AA-1 G03 182 192 328 340 269 269 295 301 366 370 123 129   2 13 
AA-1 G04 184 200 320 334 267 269 295 307 370 374 119 139   0 15 
AA-1 G05 184 204 328 340 267 281 297 301 370 370 123 131   2 13 
AA-1 G06 186 192 332 334 263 269 295 303 370 374 123 129   1 14 
AA-1 G07 184 186 314 334 265 271 295 301 370 370 123 137   5 10 
AA-1 G08 184 186 314 334 265 271 295 301 370 370 123 137   5 10 
AA-1 G09 184 186 320 330 267 295 303 307 366 370 123 131   0 15 
AA-1 G10 186 186 324 330 267 297 295 303 370 378 129 131   3 12 
AA-1 G11 184 198 322 334 261 267 301 309 370 370 123 129   4 11 
AA-1 G12 182 192 318 318 267 269 295 297 370 374 129 129   6 9 
AA-1 H01 182 192 318 328 265 299 295 295 374 374 129 133   2 13 
AA-1 H02 184 184 328 334 259 261 301 305 370 374 123 133   4 11 
AA-1 H03 204 212 314 336 265 269 295 299 366 374 123 131   2 13 
AA-1 H04 184 184 330 338 267 269 307 307 366 374 123 127   4 11 
280 
 
AA-1 H05 188 196 328 332 261 267 301 309 366 378 133 133   3 12 
AA-1 H06 184 190 322 340 261 265 301 301 370 374 123 127   2 13 
AA-1 H07 192 194 310 318 265 267 295 305 374 374 129 131   5 10 
AA-1 H08 186 192 324 332 250 289 301 305 366 374 129 129   2 13 
AA-1 H09 192 208 320 332 261 269 295 297 370 374 123 135   1 14 
AA-1 H10 192 200 310 320 265 267 295 303 370 374 131 131   2 13 
AA-1 H11 192 196 322 324 261 265 305 309 370 370 123 133   1 14 
AA-1 H12 184 192 326 340 265 269 295 301 366 378 131 131   2 13 
No. of homozygous samples 78 69 118 125 114 131       




Table S6. Allele frequency distributions of fifteen markers flanking the β-globin gene cluster in five populations (N=469). 
HBB4506 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
348 0.001066 348 0.005495 348 0.000000 348 0.000000 348 0.000000 348 0.000000 
350 0.001066 350 0.000000 350 0.000000 350 0.005435 350 0.000000 350 0.000000 
352 0.001066 352 0.000000 352 0.005263 352 0.000000 352 0.000000 352 0.000000 
354 0.058635 354 0.049451 354 0.068421 354 0.021739 354 0.000000 354 0.152632 
356 0.214286 356 0.208791 356 0.157895 356 0.293478 356 0.250000 356 0.163158 
358 0.058635 358 0.082418 358 0.100000 358 0.070652 358 0.015625 358 0.026316 
360 0.019190 360 0.032967 360 0.005263 360 0.021739 360 0.005208 360 0.031579 
362 0.015991 362 0.021978 362 0.010526 362 0.005435 362 0.005208 362 0.036842 
364 0.254797 364 0.252747 364 0.326316 364 0.260870 364 0.213542 364 0.221053 
366 0.192964 366 0.164835 366 0.163158 366 0.233696 366 0.250000 366 0.152632 
367 0.004264 367 0.131868 367 0.000000 367 0.000000 367 0.020833 367 0.000000 
368 0.111940 368 0.000000 368 0.152632 368 0.054348 368 0.104167 368 0.115789 
370 0.051173 370 0.043956 370 0.010526 370 0.010870 370 0.109375 370 0.078947 
372 0.007463 372 0.005495 372 0.000000 372 0.005435 372 0.020833 372 0.005263 
374 0.006397 374 0.000000 374 0.000000 374 0.016304 374 0.005208 374 0.010526 




Table S6. Continued 
D11S988 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
82 0.001066 82 0.000000 82 0.000000 82 0.000000 82 0.000000 82 0.005263 
90 0.001066 90 0.005495 90 0.000000 90 0.000000 90 0.000000 90 0.000000 
96 0.002132 96 0.000000 96 0.000000 96 0.000000 96 0.005208 96 0.005263 
98 0.033049 98 0.038462 98 0.073684 98 0.016304 98 0.005208 98 0.031579 
100 0.029851 100 0.000000 100 0.010526 100 0.032609 100 0.005208 100 0.100000 
102 0.059701 102 0.027473 102 0.026316 102 0.092391 102 0.093750 102 0.057895 
104 0.084222 104 0.104396 104 0.078947 104 0.114130 104 0.057292 104 0.068421 
106 0.213220 106 0.274725 106 0.247368 106 0.173913 106 0.171875 106 0.200000 
108 0.114072 108 0.109890 108 0.126316 108 0.097826 108 0.114583 108 0.121053 
110 0.090618 110 0.093407 110 0.126316 110 0.032609 110 0.098958 110 0.100000 
112 0.058635 112 0.060440 112 0.068421 112 0.027174 112 0.041667 112 0.094737 
114 0.034115 114 0.038462 114 0.005263 114 0.032609 114 0.031250 114 0.063158 
116 0.021322 116 0.010989 116 0.015789 116 0.027174 116 0.020833 116 0.031579 
118 0.183369 118 0.208791 118 0.173684 118 0.228261 118 0.218750 118 0.089474 
120 0.059701 120 0.016484 120 0.047368 120 0.103261 120 0.104167 120 0.026316 
122 0.011727 122 0.005495 122 0.000000 122 0.016304 122 0.031250 122 0.005263 




Table S6. Continued 
HBB4677 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
154 0.001066 154 0.005495 154 0.000000 154 0.000000 154 0.000000 154 0.000000 
164 0.006397 164 0.000000 164 0.031579 164 0.000000 164 0.000000 164 0.000000 
166 0.126866 166 0.115385 166 0.231579 166 0.054348 166 0.031250 166 0.200000 
168 0.023454 168 0.005495 168 0.000000 168 0.000000 168 0.005208 168 0.105263 
170 0.025586 170 0.010989 170 0.005263 170 0.032609 170 0.062500 170 0.015789 
172 0.099147 172 0.021978 172 0.078947 172 0.103261 172 0.057292 172 0.231579 
174 0.038380 174 0.010989 174 0.015789 174 0.054348 174 0.062500 174 0.047368 
176 0.282516 176 0.247253 176 0.194737 176 0.298913 176 0.385417 176 0.284211 
178 0.086354 178 0.148352 178 0.089474 178 0.108696 178 0.067708 178 0.021053 
180 0.020256 180 0.005495 180 0.010526 180 0.021739 180 0.057292 180 0.005263 
182 0.019190 182 0.016484 182 0.026316 182 0.010870 182 0.026042 182 0.015789 
184 0.045842 184 0.076923 184 0.036842 184 0.038043 184 0.041667 184 0.036842 
186 0.091684 186 0.115385 186 0.110526 186 0.114130 186 0.093750 186 0.026316 
188 0.099147 188 0.175824 188 0.121053 188 0.103261 188 0.093750 188 0.005263 
190 0.023454 190 0.016484 190 0.026316 190 0.054348 190 0.015625 190 0.005263 
192 0.008529 192 0.016484 192 0.021053 192 0.005435 192 0.000000 192 0.000000 
194 0.001066 194 0.005495 194 0.000000 194 0.000000 194 0.000000 194 0.000000 




Table S6. Continued 
D11S2362 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
69 0.002132 69 0.000000 69 0.000000 69 0.000000 69 0.000000 69 0.010526 
72 0.003198 72 0.010989 72 0.000000 72 0.000000 72 0.000000 72 0.005263 
75 0.001066 75 0.005495 75 0.000000 75 0.000000 75 0.000000 75 0.000000 
78 0.014925 78 0.000000 78 0.005263 78 0.005435 78 0.000000 78 0.063158 
81 0.038380 81 0.027473 81 0.000000 81 0.027174 81 0.078125 81 0.057895 
84 0.126866 84 0.049451 84 0.073684 84 0.119565 84 0.166667 84 0.221053 
87 0.297441 87 0.313187 87 0.289474 87 0.309783 87 0.307292 87 0.268421 
90 0.192964 90 0.269231 90 0.226316 90 0.184783 90 0.130208 90 0.157895 
93 0.174840 93 0.153846 93 0.226316 93 0.217391 93 0.156250 93 0.121053 
96 0.120469 96 0.126374 96 0.152632 96 0.108696 96 0.135417 96 0.078947 
99 0.021322 99 0.032967 99 0.015789 99 0.027174 99 0.020833 99 0.010526 
102 0.005330 102 0.005495 102 0.010526 102 0.000000 102 0.005208 102 0.005263 




Table S6. Continued 
HBB5089 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
220 0.001066 220 0.000000 220 0.000000 220 0.005435 220 0.000000 220 0.000000 
224 0.075693 224 0.082418 224 0.063158 224 0.070652 224 0.135417 224 0.026316 
226 0.010661 226 0.005495 226 0.000000 226 0.005435 226 0.005208 226 0.036842 
228 0.003198 228 0.000000 228 0.000000 228 0.000000 228 0.005208 228 0.010526 
230 0.173774 230 0.120879 230 0.194737 230 0.173913 230 0.161458 230 0.215789 
232 0.158849 232 0.148352 232 0.142105 232 0.135870 232 0.145833 232 0.221053 
234 0.066098 234 0.104396 234 0.052632 234 0.065217 234 0.052083 234 0.057895 
236 0.229211 236 0.137363 236 0.121053 236 0.282609 236 0.291667 236 0.310526 
238 0.240938 238 0.368132 238 0.363158 238 0.228261 238 0.161458 238 0.089474 
240 0.034115 240 0.027473 240 0.063158 240 0.027174 240 0.031250 240 0.021053 
242 0.005330 242 0.005495 242 0.000000 242 0.005435 242 0.010417 242 0.005263 




Table S6. Continued 
D11S1243 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
202 0.002132 202 0.005495 202 0.005263 202 0.000000 202 0.000000 202 0.000000 
204 0.003198 204 0.000000 204 0.010526 204 0.000000 204 0.000000 204 0.005263 
206 0.004264 206 0.016484 206 0.000000 206 0.000000 206 0.000000 206 0.005263 
208 0.010661 208 0.000000 208 0.000000 208 0.000000 208 0.000000 208 0.052632 
210 0.003198 210 0.000000 210 0.000000 210 0.000000 210 0.005208 210 0.010526 
212 0.007463 212 0.000000 212 0.010526 212 0.016304 212 0.000000 212 0.010526 
214 0.003198 214 0.005495 214 0.000000 214 0.000000 214 0.000000 214 0.010526 
216 0.036247 216 0.049451 216 0.021053 216 0.016304 216 0.062500 216 0.031579 
218 0.059701 218 0.104396 218 0.036842 218 0.048913 218 0.083333 218 0.026316 
220 0.331557 220 0.170330 220 0.173684 220 0.445652 220 0.427083 220 0.436842 
222 0.118337 222 0.142857 222 0.126316 222 0.108696 222 0.145833 222 0.068421 
224 0.272921 224 0.280220 224 0.436842 224 0.233696 224 0.223958 224 0.189474 
226 0.063966 226 0.115385 226 0.057895 226 0.092391 226 0.015625 226 0.042105 
228 0.030917 228 0.032967 228 0.047368 228 0.032609 228 0.015625 228 0.026316 
230 0.015991 230 0.027473 230 0.015789 230 0.005435 230 0.015625 230 0.015789 
232 0.015991 232 0.021978 232 0.036842 232 0.000000 232 0.005208 232 0.015789 
234 0.011727 234 0.016484 234 0.010526 234 0.000000 234 0.000000 234 0.031579 
236 0.003198 236 0.010989 236 0.005263 236 0.000000 236 0.000000 236 0.000000 




Table S6. Continued 
HBB5138 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
386 0.247335 386 0.379121 386 0.410526 386 0.206522 386 0.151042 386 0.094737 
388 0.005330 388 0.000000 388 0.005263 388 0.000000 388 0.020833 388 0.000000 
390 0.006397 390 0.000000 390 0.000000 390 0.000000 390 0.000000 390 0.031579 
392 0.001066 392 0.000000 392 0.000000 392 0.000000 392 0.000000 392 0.005263 
394 0.001066 394 0.000000 394 0.000000 394 0.000000 394 0.000000 394 0.005263 
396 0.011727 396 0.016484 396 0.005263 396 0.005435 396 0.000000 396 0.031579 
398 0.042644 398 0.043956 398 0.047368 398 0.016304 398 0.015625 398 0.089474 
400 0.200426 400 0.280220 400 0.252632 400 0.190217 400 0.192708 400 0.089474 
402 0.327292 402 0.214286 402 0.210526 402 0.413043 402 0.421875 402 0.373684 
404 0.121535 404 0.049451 404 0.052632 404 0.146739 404 0.187500 404 0.168421 
406 0.027719 406 0.016484 406 0.015789 406 0.016304 406 0.010417 406 0.078947 
408 0.003198 408 0.000000 408 0.000000 408 0.005435 408 0.000000 408 0.010526 




Table S6. Continued 
HBB5178 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
137 0.014925 137 0.000000 137 0.000000 137 0.010870 137 0.052083 137 0.010526 
143 0.006397 143 0.021978 143 0.000000 143 0.005435 143 0.000000 143 0.005263 
145 0.381663 145 0.379121 145 0.357895 145 0.288043 145 0.421875 145 0.457895 
147 0.126866 147 0.137363 147 0.152632 147 0.157609 147 0.052083 147 0.136842 
149 0.013859 149 0.010989 149 0.015789 149 0.016304 149 0.020833 149 0.005263 
151 0.256930 151 0.395604 151 0.384211 151 0.244565 151 0.182292 151 0.084211 
153 0.030917 153 0.021978 153 0.036842 153 0.059783 153 0.020833 153 0.015789 
155 0.020256 155 0.005495 155 0.000000 155 0.005435 155 0.005208 155 0.084211 
157 0.010661 157 0.000000 157 0.005263 157 0.016304 157 0.026042 157 0.005263 
159 0.066098 159 0.010989 159 0.036842 159 0.070652 159 0.114583 159 0.094737 
161 0.021322 161 0.010989 161 0.000000 161 0.038043 161 0.041667 161 0.015789 
163 0.036247 163 0.005495 163 0.010526 163 0.070652 163 0.052083 163 0.042105 
165 0.010661 165 0.000000 165 0.000000 165 0.000000 165 0.010417 165 0.042105 
167 0.002132 167 0.000000 167 0.000000 167 0.010870 167 0.000000 167 0.000000 




Table S6. Continued 
HBB5205 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
380 0.003198 380 0.000000 380 0.000000 380 0.010870 380 0.000000 380 0.005263 
388 0.004264 388 0.005495 388 0.010526 388 0.005435 388 0.000000 388 0.000000 
392 0.004264 392 0.000000 392 0.010526 392 0.010870 392 0.000000 392 0.000000 
396 0.047974 396 0.027473 396 0.063158 396 0.081522 396 0.041667 396 0.026316 
398 0.004264 398 0.000000 398 0.021053 398 0.000000 398 0.000000 398 0.000000 
400 0.111940 400 0.148352 400 0.068421 400 0.125000 400 0.109375 400 0.110526 
404 0.220682 404 0.203297 404 0.200000 404 0.206522 404 0.229167 404 0.263158 
408 0.247335 408 0.247253 408 0.263158 408 0.217391 408 0.291667 408 0.215789 
412 0.194030 412 0.175824 412 0.221053 412 0.157609 412 0.223958 412 0.189474 
416 0.100213 416 0.109890 416 0.105263 416 0.097826 416 0.072917 416 0.115789 
420 0.045842 420 0.060440 420 0.031579 420 0.070652 420 0.020833 420 0.047368 
424 0.011727 424 0.016484 424 0.005263 424 0.010870 424 0.010417 424 0.015789 




Table S6. Continued 
D11S1760 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
174 0.001066 174 0.000000 174 0.000000 174 0.005435 174 0.000000 174 0.000000 
180 0.001066 180 0.000000 180 0.000000 180 0.005435 180 0.000000 180 0.000000 
182 0.109808 182 0.076923 182 0.089474 182 0.195652 182 0.125000 182 0.063158 
184 0.113006 184 0.005495 184 0.126316 184 0.059783 184 0.197917 184 0.168421 
186 0.092751 186 0.016484 186 0.068421 186 0.119565 186 0.078125 186 0.178947 
188 0.009595 188 0.005495 188 0.000000 188 0.005435 188 0.015625 188 0.021053 
190 0.002132 190 0.000000 190 0.000000 190 0.000000 190 0.000000 190 0.010526 
192 0.190832 192 0.076923 192 0.036842 192 0.168478 192 0.375000 192 0.289474 
194 0.015991 194 0.049451 194 0.000000 194 0.005435 194 0.000000 194 0.026316 
196 0.151386 196 0.181319 196 0.194737 196 0.163043 196 0.114583 196 0.105263 
198 0.022388 198 0.038462 198 0.026316 198 0.027174 198 0.000000 198 0.021053 
200 0.099147 200 0.170330 200 0.126316 200 0.114130 200 0.067708 200 0.021053 
202 0.018124 202 0.005495 202 0.005263 202 0.059783 202 0.005208 202 0.015789 
204 0.009595 204 0.021978 204 0.000000 204 0.005435 204 0.000000 204 0.021053 
206 0.005330 206 0.010989 206 0.015789 206 0.000000 206 0.000000 206 0.000000 
208 0.018124 208 0.027473 208 0.047368 208 0.010870 208 0.000000 208 0.005263 
210 0.109808 210 0.230769 210 0.215789 210 0.043478 210 0.015625 210 0.047368 
212 0.023454 212 0.065934 212 0.031579 212 0.010870 212 0.005208 212 0.005263 
214 0.004264 214 0.010989 214 0.010526 214 0.000000 214 0.000000 214 0.000000 
216 0.001066 216 0.005495 216 0.000000 216 0.000000 216 0.000000 216 0.000000 




Table S6. Continued 
HBB5576 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
306 0.003198 306 0.000000 306 0.000000 306 0.000000 306 0.000000 306 0.015789 
308 0.001066 308 0.000000 308 0.000000 308 0.005435 308 0.000000 308 0.000000 
310 0.004264 310 0.000000 310 0.000000 310 0.000000 310 0.000000 310 0.021053 
312 0.002132 312 0.000000 312 0.000000 312 0.010870 312 0.000000 312 0.000000 
314 0.036247 314 0.010989 314 0.047368 314 0.016304 314 0.083333 314 0.021053 
316 0.025586 316 0.005495 316 0.015789 316 0.032609 316 0.020833 316 0.052632 
318 0.106610 318 0.016484 318 0.036842 318 0.195652 318 0.166667 318 0.115789 
319 0.002132 319 0.000000 319 0.010526 319 0.000000 319 0.000000 319 0.000000 
320 0.051173 320 0.032967 320 0.052632 320 0.065217 320 0.031250 320 0.073684 
322 0.090618 322 0.054945 322 0.026316 322 0.070652 322 0.223958 322 0.073684 
324 0.134328 324 0.115385 324 0.331579 324 0.114130 324 0.005208 324 0.105263 
326 0.107676 326 0.137363 326 0.063158 326 0.070652 326 0.213542 326 0.052632 
327 0.001066 327 0.000000 327 0.005263 327 0.000000 327 0.000000 327 0.000000 
328 0.138593 328 0.274725 328 0.147368 328 0.103261 328 0.031250 328 0.142105 
329 0.002132 329 0.010989 329 0.000000 329 0.000000 329 0.000000 329 0.000000 
330 0.033049 330 0.021978 330 0.005263 330 0.021739 330 0.046875 330 0.068421 
332 0.136461 332 0.208791 332 0.121053 332 0.179348 332 0.072917 332 0.105263 
334 0.014925 334 0.005495 334 0.000000 334 0.005435 334 0.010417 334 0.052632 
336 0.068230 336 0.087912 336 0.084211 336 0.070652 336 0.067708 336 0.031579 
338 0.003198 338 0.000000 338 0.000000 338 0.000000 338 0.000000 338 0.015789 
340 0.029851 340 0.010989 340 0.042105 340 0.032609 340 0.020833 340 0.042105 
342 0.001066 342 0.000000 342 0.000000 342 0.000000 342 0.000000 342 0.005263 
292 
 
344 0.005330 344 0.005495 344 0.005263 344 0.005435 344 0.005208 344 0.005263 




Table S6. Continued 
HBB5655 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
251 0.003198 251 0.000000 251 0.000000 251 0.000000 251 0.000000 251 0.015789 
253 0.003198 253 0.000000 253 0.000000 253 0.005435 253 0.000000 253 0.010526 
255 0.003198 255 0.005495 255 0.000000 255 0.000000 255 0.000000 255 0.010526 
257 0.002132 257 0.000000 257 0.000000 257 0.010870 257 0.000000 257 0.000000 
259 0.006397 259 0.000000 259 0.000000 259 0.016304 259 0.005208 259 0.010526 
261 0.029851 261 0.005495 261 0.000000 261 0.016304 261 0.031250 261 0.094737 
263 0.036247 263 0.027473 263 0.010526 263 0.032609 263 0.072917 263 0.036842 
265 0.356077 265 0.291209 265 0.463158 265 0.423913 265 0.385417 265 0.215789 
267 0.243070 267 0.126374 267 0.136842 267 0.239130 267 0.380208 267 0.326316 
269 0.162047 269 0.274725 269 0.178947 269 0.173913 269 0.083333 269 0.105263 
271 0.041578 271 0.032967 271 0.073684 271 0.043478 271 0.020833 271 0.036842 
273 0.070362 273 0.181319 273 0.121053 273 0.016304 273 0.020833 273 0.015789 
275 0.013859 275 0.032967 275 0.010526 275 0.021739 275 0.000000 275 0.005263 
277 0.004264 277 0.016484 277 0.005263 277 0.000000 277 0.000000 277 0.000000 
279 0.001066 279 0.005495 279 0.000000 279 0.000000 279 0.000000 279 0.000000 
281 0.001066 281 0.000000 281 0.000000 281 0.000000 281 0.000000 281 0.005263 
283 0.001066 283 0.000000 283 0.000000 283 0.000000 283 0.000000 283 0.005263 
287 0.003198 287 0.000000 287 0.000000 287 0.000000 287 0.000000 287 0.015789 
289 0.006397 289 0.000000 289 0.000000 289 0.000000 289 0.000000 289 0.031579 
293 0.004264 293 0.000000 293 0.000000 293 0.000000 293 0.000000 293 0.021053 
295 0.002132 295 0.000000 295 0.000000 295 0.000000 295 0.000000 295 0.010526 
297 0.003198 297 0.000000 297 0.000000 297 0.000000 297 0.000000 297 0.015789 
294 
 




Table S6. Continued 
HBB5820 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
293 0.002132 293 0.000000 293 0.000000 293 0.000000 293 0.010417 293 0.000000 
295 0.442431 295 0.450549 295 0.384211 295 0.483696 295 0.552083 295 0.342105 
297 0.164179 297 0.192308 297 0.200000 297 0.222826 297 0.135417 297 0.073684 
299 0.029851 299 0.049451 299 0.052632 299 0.016304 299 0.010417 299 0.021053 
301 0.053305 301 0.005495 301 0.000000 301 0.032609 301 0.057292 301 0.168421 
303 0.065032 303 0.120879 303 0.068421 303 0.027174 303 0.020833 303 0.089474 
305 0.056503 305 0.010989 305 0.042105 305 0.048913 305 0.057292 305 0.121053 
307 0.123667 307 0.087912 307 0.131579 307 0.152174 307 0.135417 307 0.110526 
309 0.052239 309 0.071429 309 0.100000 309 0.005435 309 0.015625 309 0.068421 
311 0.008529 311 0.010989 311 0.021053 311 0.005435 311 0.000000 311 0.005263 




Table S6. Continued 
HBB5859 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
354 0.005330 354 0.016484 354 0.010526 354 0.000000 354 0.000000 354 0.000000 
358 0.007463 358 0.000000 358 0.010526 358 0.016304 358 0.005208 358 0.005263 
360 0.001066 360 0.000000 360 0.000000 360 0.005435 360 0.000000 360 0.000000 
362 0.014925 362 0.005495 362 0.010526 362 0.038043 362 0.015625 362 0.005263 
366 0.288913 366 0.329670 366 0.431579 366 0.315217 366 0.192708 366 0.178947 
370 0.264392 370 0.181319 370 0.152632 370 0.288043 370 0.338542 370 0.357895 
374 0.249467 374 0.247253 374 0.231579 374 0.173913 374 0.286458 374 0.305263 
378 0.139659 378 0.181319 378 0.121053 378 0.141304 378 0.140625 378 0.115789 
382 0.023454 382 0.032967 382 0.031579 382 0.010870 382 0.010417 382 0.031579 
386 0.001066 386 0.005495 386 0.000000 386 0.000000 386 0.000000 386 0.000000 
388 0.001066 388 0.000000 388 0.000000 388 0.005435 388 0.000000 388 0.000000 




Table S6. Continued 
D11S1338 
Combined Average CH ML IN CA AA 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
119 0.004264 119 0.000000 119 0.000000 119 0.000000 119 0.000000 119 0.021053 
121 0.006397 121 0.000000 121 0.000000 121 0.016304 121 0.005208 121 0.010526 
123 0.365672 123 0.318681 123 0.400000 123 0.396739 123 0.359375 123 0.352632 
125 0.060768 125 0.027473 125 0.068421 125 0.059783 125 0.109375 125 0.036842 
127 0.010661 127 0.016484 127 0.005263 127 0.010870 127 0.000000 127 0.021053 
129 0.255864 129 0.247253 129 0.205263 129 0.364130 129 0.302083 129 0.163158 
131 0.230277 131 0.362637 131 0.263158 131 0.130435 131 0.218750 131 0.178947 
133 0.037313 133 0.027473 133 0.047368 133 0.016304 133 0.005208 133 0.089474 
135 0.008529 135 0.000000 135 0.010526 135 0.005435 135 0.000000 135 0.026316 
137 0.007463 137 0.000000 137 0.000000 137 0.000000 137 0.000000 137 0.036842 




Table S7. Polymorphism and informativeness assessment of fifteen markers flanking the β-globin gene cluster in each population (N=469). 
Microsatellite 
CH ML IN 
Alleles PIC He Ho Alleles PIC He Ho Alleles PIC He Ho 
HBB4506 11 0.815 0.835 0.890 10 0.779 0.804 0.800 12 0.749 0.782 0.761 
D11S988 14 0.824 0.841 0.890 12 0.842 0.857 0.884 14 0.858 0.871 0.859 
HBB4677 17 0.835 0.852 0.901 14 0.849 0.863 0.884 13 0.839 0.852 0.804 
D11S2362 11 0.755 0.785 0.802 8 0.751 0.785 0.821 8 0.766 0.795 0.750 
HBB5089 9 0.766 0.790 0.802 7 0.758 0.785 0.800 10 0.783 0.809 0.815 
D11S1243 14 0.825 0.842 0.824 15 0.731 0.754 0.768 9 0.688 0.722 0.685 
HBB5138 7 0.681 0.727 0.725 8 0.673 0.718 0.758 8 0.687 0.728 0.696 
HBB5178 10 0.622 0.680 0.681 8 0.645 0.698 0.674 14 0.794 0.817 0.783 
HBB5205 10 0.805 0.828 0.857 11 0.797 0.820 0.832 12 0.830 0.848 0.848 
D11S1760 17 0.849 0.863 0.901 14 0.851 0.865 0.832 16 0.856 0.869 0.826 
HBB5576 15 0.817 0.836 0.835 16 0.818 0.833 0.821 16 0.873 0.884 0.880 
HBB5655 11 0.757 0.788 0.824 8 0.680 0.714 0.737 11 0.691 0.728 0.728 
HBB5820 9 0.700 0.730 0.758 8 0.749 0.775 0.758 10 0.650 0.689 0.674 
HBB5859 8 0.725 0.763 0.714 8 0.681 0.721 0.758 10 0.729 0.766 0.859 




Table S7. Continued 
Microsatellite 
CA AA IN 
Alleles PIC He Ho Alleles PIC He Ho Alleles PIC He Ho 
HBB4506 11 0.778 0.805 0.854 12 0.838 0.855 0.895 12 0.749 0.782 0.761 
D11S988 14 0.860 0.873 0.854 15 0.884 0.894 0.905 14 0.858 0.871 0.859 
HBB4677 13 0.798 0.811 0.833 13 0.784 0.809 0.811 13 0.839 0.852 0.804 
D11S2362 8 0.787 0.812 0.823 11 0.804 0.826 0.811 8 0.766 0.795 0.750 
HBB5089 10 0.796 0.819 0.833 11 0.766 0.794 0.758 10 0.783 0.809 0.815 
D11S1243 10 0.700 0.735 0.698 17 0.739 0.759 0.758 9 0.688 0.722 0.685 
HBB5138 7 0.686 0.726 0.719 12 0.778 0.798 0.779 8 0.687 0.728 0.696 
HBB5178 12 0.741 0.764 0.781 13 0.723 0.744 0.737 14 0.794 0.817 0.783 
HBB5205 8 0.762 0.793 0.823 10 0.795 0.819 0.832 12 0.830 0.848 0.848 
D11S1760 10 0.754 0.780 0.740 15 0.818 0.836 0.874 16 0.856 0.869 0.826 
HBB5576 14 0.839 0.854 0.813 18 0.910 0.916 0.916 16 0.873 0.884 0.880 
HBB5655 8 0.641 0.693 0.646 20 0.803 0.821 0.811 11 0.691 0.728 0.728 
HBB5820 10 0.623 0.651 0.656 9 0.788 0.809 0.821 10 0.650 0.689 0.674 
HBB5859 8 0.703 0.746 0.698 7 0.687 0.732 0.758 10 0.729 0.766 0.859 




Table S8. Population screening data of thirteen markers flanking the FMR1 gene from 288 DNA samples. 
Plate well no. FXS146320 FXS146374 DXS998 FXS146706 FXS146782 DXS548 FXS147120 DXS731 
CH-1 A01      168 172 140 144 352 352 121 121 243 245 330 332 194 202 211 213 
CH-1 A02 166 174 140 142 352 352 117 121 237 243 332 332 202 202 205 213 
CH-1 A03 172 172 140 142 352 352 121 123 237 243 332 332 198 202 211 215 
CH-1 A04 170 170 142 142 352 352 121 123 243 245 332 332 194 206 213 217 
CH-1 A05 170 174 142 142 352 352 121 123 243 243 332 332 188 192 209 213 
CH-1 A06 168 170 142 142 352 354 123 125 237 237 332 332 172 188 205 215 
CH-1 A07 166 174 142 142 352 352 121 121 241 245 332 332 206 206 207 213 
CH-1 A08 172 174 130 138 352 354 121 121 243 247 332 332 172 192 205 207 
CH-1 A09 172 186 128 148 354 356 121 121 241 243 332 332 192 206 205 213 
CH-1 A10 170 172 138 142 352 356 121 123 243 243 332 334 198 198 213 217 
CH-1 A11 166 170 140 142 340 352 121 123 237 241 332 332 172 188 205 205 
CH-1 A12 146 170 130 144 352 352 121 123 237 237 332 332 194 198 205 215 
CH-1 B01 166 174 136 142 352 352 121 123 237 237 332 332 172 192 205 215 
CH-1 B02 170 174 142 142 352 352 117 121 243 247 332 332 172 188 205 215 
CH-1 B03 166 170 138 138 352 354 121 123 241 243 332 332 192 194 205 215 
CH-1 B04 170 170 140 144 352 352 115 123 237 245 332 332 198 202 211 217 
CH-1 B05 166 170 138 140 352 356 121 123 237 245 332 332 172 192 205 205 
CH-1 B06 166 174 142 142 352 356 121 123 243 243 332 332 194 194 211 213 
CH-1 B07 166 176 140 142 352 352 123 123 237 237 330 330 194 198 213 215 
CH-1 B08 170 170 138 142 352 352 117 121 237 245 332 334 194 206 215 215 
CH-1 B09 166 170 142 142 352 356 117 121 237 245 332 332 192 192 209 213 
CH-1 B10 166 166 142 142 352 352 119 121 237 241 332 332 192 192 205 215 
CH-1 B11 170 172 140 142 352 352 121 123 233 243 332 332 192 210 211 215 
301 
 
CH-1 B12 166 172 136 142 356 358 119 123 237 247 332 332 192 198 201 205 
CH-1 C01 162 172 136 138 352 354 121 123 239 247 332 332 188 202 205 215 
CH-1 C02 166 170 142 142 352 352 115 121 237 245 332 334 206 210 213 215 
CH-1 C03 170 176 130 138 352 356 117 121 237 241 332 332 202 226 213 217 
CH-1 C04 170 172 140 142 352 352 121 123 241 243 332 332 202 202 213 213 
CH-1 C05                                 
CH-1 C06 172 176 128 138 352 354 121 125 237 243 332 334 192 206 215 215 
CH-1 C07 166 176 138 144 352 352 119 121 237 241 332 332 192 194 205 211 
CH-1 C08 168 174 140 142 352 352 117 123 243 245 332 332 194 202 215 215 
CH-1 C09 170 172 128 140 354 354 121 121 239 245 332 332 188 218 205 215 
CH-1 C10 172 176 140 142 352 352 121 121 239 241 332 334 198 206 215 215 
CH-1 C11 166 172 128 142 352 354 121 121 237 243 332 332 188 192 205 215 
CH-1 C12 170 172 138 138 350 356 121 121 243 245 332 332 192 192 205 205 
CH-1 D01 170 170 138 146 352 354 123 125 237 237 332 332 188 206 215 215 
CH-1 D02 166 176 136 138 352 356 121 121 241 243 332 332 194 194 205 207 
CH-1 D03 168 172 138 142 352 354 121 121 239 245 332 332 188 202 215 215 
CH-1 D04                                 
CH-1 D05                                 
CH-1 D06 172 180 140 142 352 352 121 121 243 245 332 332 172 172 205 205 
CH-1 D07 166 172 138 140 352 356 121 121 241 243 332 334 184 198 215 219 
CH-1 D08 166 170 138 142 356 356 117 121 245 245 332 332 194 206 215 215 
CH-1 D09 166 186 142 152 352 356 121 125 241 243 332 334 198 206 205 215 
CH-1 D10 160 172 128 130 352 352 121 121 241 245 332 332 172 192 205 205 
CH-1 D11 166 170 142 142 352 354 121 121 245 245 332 332 188 198 215 215 
CH-1 D12 166 170 138 138 352 352 121 121 237 245 332 332 192 202 205 211 
302 
 
CH-1 E01 172 174 128 142 352 352 119 121 243 245 332 332 192 192 205 211 
CH-1 E02 170 172 130 140 352 352 121 123 237 243 328 332 172 184 205 205 
CH-1 E03 166 170 140 142 352 356 121 123 237 243 332 332 194 198 211 217 
CH-1 E04                                 
CH-1 E05                                 
CH-1 E06 166 168 140 142 352 354 119 121 237 241 332 332 188 194 205 217 
CH-1 E07                                 
CH-1 E08 166 166 142 142 352 352 121 125 237 243 332 332 194 198 205 211 
CH-1 E09 168 170 142 144 352 354 121 121 237 245 332 332 192 194 205 213 
CH-1 E10 170 178 130 140 352 354 123 123 237 237 332 332 172 202 205 211 
CH-1 E11 166 170 128 142 352 356 109 121 241 241 332 332 192 194 213 215 
CH-1 E12 166 170 140 142 352 352 121 125 237 237 332 332 192 194 205 215 
CH-1 F01 172 172 142 142 352 352 121 127 243 245 332 334 188 206 205 213 
CH-1 F02 170 188 148 152 354 356 121 121 237 245 332 332 194 198 215 215 
CH-1 F03                                 
CH-1 F04 164 186 142 148 352 352 121 121 243 243 332 332 192 192 205 205 
CH-1 F05 170 172 134 138 352 352 121 123 237 243 332 332 172 206 205 213 
CH-1 F06 166 176 140 150 354 356 117 119 233 243 332 334 192 192 205 209 
CH-1 F07                                 
CH-1 F08 166 170 142 142 352 356 119 123 237 237 332 334 194 194 211 215 
CH-1 F09 166 172 140 142 352 352 119 121 243 247 332 332 194 198 215 215 
CH-1 F10 170 170 138 142 352 352 115 121 243 245 330 332 194 198 213 215 
CH-1 F11 166 166 140 142 352 352 121 123 243 243 326 332 172 198 205 217 
CH-1 F12 174 176 138 142 352 354 121 121 241 245 332 332 188 198 205 215 
CH-1 G01 166 166 138 142 352 352 121 123 237 241 332 332 188 192 207 213 
303 
 
CH-1 G02 164 172 138 142 352 352 121 123 237 237 332 332 192 208 213 215 
CH-1 G03                                 
CH-1 G04 166 170 138 142 352 356 123 123 233 237 332 332 194 198 209 215 
CH-1 G05 170 172 142 142 352 352 119 123 243 245 332 332 198 198 215 215 
CH-1 G06 166 170 136 142 352 352 121 123 237 243 332 332 192 210 215 215 
CH-1 G07 170 170 140 142 352 356 113 121 243 243 332 334 192 206 215 215 
CH-1 G08 166 176 140 140 352 352 119 119 241 241 332 332 192 198 213 213 
CH-1 G09 166 174 136 138 352 356 113 125 239 243 332 334 206 206 215 215 
CH-1 G10 170 172 142 142 352 352 121 121 237 237 332 334 184 194 205 215 
CH-1 G11 166 170 142 142 352 356 121 121 243 243 332 332 192 198 213 215 
CH-1 G12 170 176 142 142 352 352 117 117 245 245 332 332 192 202 213 215 
CH-1 H01 166 166 140 142 352 352 121 121 237 245 332 334 194 206 205 215 
CH-1 H02 170 170 142 142 352 352 123 123 237 243 332 332 198 218 205 215 
CH-1 H03 170 172 128 142 352 352 121 121 237 237 332 332 194 198 211 215 
CH-1 H04 172 176 136 142 356 356 121 123 241 243 332 332 184 198 215 215 
CH-1 H05 170 170 142 142 352 352 121 121 237 243 332 334 198 210 215 217 
CH-1 H06 170 172 138 138 352 356 121 121 241 241 332 332 198 202 201 215 
CH-1 H07 166 172 140 142 356 358 121 121 245 245 332 332 188 192 205 209 
CH-1 H08 166 168 130 142 354 356 117 123 243 245 332 332 188 194 215 217 
CH-1 H09 166 170 136 140 352 352 121 121 243 243 332 332 188 198 205 211 
CH-1 H10 164 176 140 142 352 352 113 125 243 245 332 332 194 206 209 213 
CH-1 H11 170 176 138 142 352 352 121 123 237 245 332 332 188 194 205 211 
CH-1 H12 170 170 140 142 352 352 121 125 237 243 332 334 172 210 205 215 
ML-1 A01      166 174 138 138 352 354 117 121 243 247 332 334 188 192 205 215 
ML-1 A02 172 172 128 144 352 352 121 121 243 245 332 332 188 218 215 215 
304 
 
ML-1 A03 166 172 142 142 352 352 121 121 237 245 332 332 192 198 215 215 
ML-1 A04 166 170 142 146 352 354 119 121 241 243 332 332 188 194 215 219 
ML-1 A05 168 172 138 142 354 354 121 121 241 245 332 332 192 198 205 213 
ML-1 A06 170 176 138 142 352 356 121 123 237 237 332 332 194 198 215 215 
ML-1 A07 170 172 142 142 352 358 121 125 235 245 332 334 188 192 213 213 
ML-1 A08 166 170 142 142 352 352 121 123 233 237 332 332 198 202 215 215 
ML-1 A09 166 172 142 142 352 356 117 121 241 243 332 334 204 206 215 215 
ML-1 A10 170 170 128 130 340 352 119 121 237 243 332 332 202 202 211 213 
ML-1 A11 166 170 142 142 352 352 115 121 243 243 332 334 198 202 213 215 
ML-1 A12 170 172 138 138 352 352 121 121 241 243 332 334 198 202 215 217 
ML-1 B01 166 176 138 142 352 356 117 121 237 247 332 334 188 194 213 215 
ML-1 B02 170 172 138 142 352 352 123 125 237 243 332 332 192 198 205 215 
ML-1 B03 170 170 140 142 352 354 121 121 237 243 332 332 192 210 213 213 
ML-1 B04 166 168 142 144 340 352 119 123 237 245 332 332 188 192 205 215 
ML-1 B05 170 170 142 144 352 352 117 121 237 245 328 334 172 194 205 215 
ML-1 B06 170 176 128 142 352 352 121 123 243 247 332 332 188 198 211 215 
ML-1 B07 170 172 142 144 352 352 121 121 237 243 332 332 194 210 213 215 
ML-1 B08 166 170 138 142 352 352 119 121 237 237 332 334 188 192 201 209 
ML-1 B09 170 176 140 142 352 352 117 121 237 243 332 332 184 202 213 215 
ML-1 B10 166 166 140 140 352 356 121 121 237 239 332 332 194 198 215 215 
ML-1 B11                                 
ML-1 B12 170 170 140 142 352 352 119 121 237 245 332 332 188 206 205 213 
ML-1 C01 166 166 140 142 352 352 121 123 237 241 332 332 172 198 201 205 
ML-1 C02 166 182 142 142 352 352 121 123 237 243 332 332 172 192 205 215 
ML-1 C03 166 172 138 140 356 358 115 121 241 245 332 332 194 198 211 219 
305 
 
ML-1 C04 170 172 130 142 352 352 117 121 243 243 332 332 172 184 215 217 
ML-1 C05 166 172 138 138 352 356 121 121 241 243 332 332 188 202 205 209 
ML-1 C06 170 174 128 140 350 354 117 127 243 243 332 334 194 202 213 215 
ML-1 C07 166 172 138 140 352 352 121 121 237 237 332 332 188 198 215 215 
ML-1 C08 152 170 128 138 350 352 121 123 245 247 332 334 192 206 215 215 
ML-1 C09 170 170 142 146 352 358 121 123 237 243 332 332 192 198 215 215 
ML-1 C10 170 174 140 142 352 352 121 121 241 243 332 332 192 202 205 213 
ML-1 C11 170 170 138 142 352 352 121 121 243 245 332 332 192 206 213 215 
ML-1 C12 166 170 142 144 350 352 119 121 237 237 332 332 188 202 205 211 
ML-1 D01 166 182 142 142 352 354 121 123 237 245 332 332 172 188 205 205 
ML-1 D02 170 170 140 144 352 354 117 121 239 241 328 332 194 198 213 215 
ML-1 D03 166 172 140 142 350 352 119 123 237 237 332 332 172 202 205 211 
ML-1 D04 168 176 138 142 356 356 119 123 237 243 332 332 202 202 207 215 
ML-1 D05 170 170 128 140 352 356 121 121 241 245 332 342 192 202 205 209 
ML-1 D06 172 174 132 142 354 356 121 123 241 243 332 332 188 194 205 217 
ML-1 D07 170 172 140 140 352 352 121 121 243 249 332 332 194 310 215 215 
ML-1 D08 166 172 142 142 352 356 117 121 241 243 332 334 188 202 205 209 
ML-1 D09                                 
ML-1 D10 172 172 128 130 352 354 119 121 243 243 332 332 192 206 205 213 
ML-1 D11 170 170 138 142 352 352 117 121 243 243 332 332 198 198 209 213 
ML-1 D12 166 170 142 146 352 352 119 127 243 243 332 334 198 198 213 215 
ML-1 E01 166 172 138 142 352 352 121 123 237 245 332 334 194 206 213 215 
ML-1 E02 168 170 138 142 352 356 115 119 243 247 332 332 184 192 205 213 
ML-1 E03 170 172 140 142 352 352 121 121 243 243 332 334 188 188 205 205 
ML-1 E04 170 172 138 140 352 356 121 123 239 243 332 332 188 210 205 215 
306 
 
ML-1 E05 166 170 142 142 352 352 119 121 237 239 332 332 192 194 215 215 
ML-1 E06 166 170 138 142 354 358 121 121 245 245 332 332 194 202 215 215 
ML-1 E07 166 172 142 142 352 352 121 125 235 243 332 332 192 206 207 215 
ML-1 E08 166 170 140 146 352 352 121 123 237 237 332 332 172 188 205 205 
ML-1 E09 170 172 138 140 354 354 119 121 237 245 332 332 188 202 205 211 
ML-1 E10 166 172 142 142 352 352 117 121 241 243 332 334 188 202 205 215 
ML-1 E11 166 174 140 140 352 352 121 121 241 245 332 332 192 198 213 215 
ML-1 E12 170 172 138 138 352 352 121 121 237 241 332 332 188 188 205 211 
ML-1 F01 170 170 136 142 352 352 119 121 241 245 332 332 172 188 205 213 
ML-1 F02 166 170 142 144 352 352 117 121 245 245 332 332 194 202 213 213 
ML-1 F03 166 172 138 140 354 356 121 125 237 241 332 334 198 206 215 215 
ML-1 F04 166 170 142 142 352 356 117 121 237 243 332 334 188 194 205 215 
ML-1 F05 166 172 142 146 352 352 121 121 243 243 332 332 184 192 205 215 
ML-1 F06 166 170 142 142 352 352 121 121 237 243 332 334 194 194 215 215 
ML-1 F07 168 170 142 142 352 352 121 121 241 243 332 332 188 198 213 215 
ML-1 F08 162 170 130 138 352 356 121 125 235 237 334 334 188 194 213 215 
ML-1 F09 172 172 138 138 352 356 121 121 245 247 332 332 188 202 209 215 
ML-1 F10 166 172 138 142 352 352 121 123 237 237 332 334 194 206 213 215 
ML-1 F11                                 
ML-1 F12 166 170 142 142 352 352 121 123 237 241 332 332 192 202 213 215 
ML-1 G01 164 174 138 140 352 358 121 121 241 243 332 332 192 210 213 215 
ML-1 G02 166 170 128 142 352 356 117 121 243 243 332 334 188 202 205 213 
ML-1 G03 170 170 132 142 352 356 119 121 237 241 332 332 198 210 213 213 
ML-1 G04 170 172 130 138 352 352 121 121 237 245 332 332 188 210 215 215 
ML-1 G05 170 172 130 142 352 352 121 121 243 243 332 334 194 204 215 215 
307 
 
ML-1 G06 172 174 130 142 352 352 119 121 237 247 332 332 198 202 211 211 
ML-1 G07 166 166 140 142 352 352 121 123 243 251 332 332 202 206 213 215 
ML-1 G08 174 178 142 142 352 352 121 123 241 247 332 340 206 206 207 213 
ML-1 G09 166 178 128 142 352 356 121 121 237 241 332 334 180 194 203 215 
ML-1 G10 170 172 128 142 352 354 119 121 237 249 332 334 192 194 215 217 
ML-1 G11 170 174 128 130 352 354 121 121 243 243 332 332 194 194 209 213 
ML-1 G12                                 
ML-1 H01                                 
ML-1 H02 170 180 128 138 352 356 121 121 237 245 332 334 188 206 205 215 
ML-1 H03 170 170 144 146 354 358 119 121 241 245 332 332 194 206 215 215 
ML-1 H04 172 172 128 130 352 352 121 121 243 245 332 332 192 192 215 215 
ML-1 H05 166 170 130 142 352 356 113 121 241 243 332 332 188 188 205 205 
ML-1 H06 166 170 134 138 352 352 121 123 237 243 332 332 192 202 205 213 
ML-1 H07 166 172 142 142 352 352 117 121 243 245 332 334 172 188 205 215 
ML-1 H08 166 172 142 142 352 352 121 121 241 243 332 332 172 194 205 213 
ML-1 H09 166 172 128 142 352 356 117 119 241 247 332 332 194 198 213 215 
ML-1 H10 166 170 140 142 352 352 121 121 243 245 332 332 198 198 213 215 
ML-1 H11 166 176 138 140 356 356 121 125 237 243 332 332 192 202 205 209 
ML-1 H12 170 172 138 142 352 352 115 117 237 243 332 332 198 202 205 215 
IN-1 A01      170 172 128 142 352 352 113 121 241 241 332 334 188 194 205 207 
IN-1 A02 168 172 142 142 356 358 111 121 237 255 332 332 188 210 211 215 
IN-1 A03 172 172 116 142 356 356 121 121 237 245 332 332 192 208 205 215 
IN-1 A04 170 170 140 142 352 356 115 121 243 245 332 332 184 192 205 205 
IN-1 A05 166 170 140 144 352 352 113 121 239 241 332 340 198 198 215 215 
IN-1 A06 168 176 142 142 352 352 113 121 233 241 332 342 198 202 211 215 
308 
 
IN-1 A07 172 172 140 142 356 356 121 121 237 237 332 334 188 198 205 215 
IN-1 A08 172 174 136 142 352 358 121 125 239 245 332 334 188 194 205 215 
IN-1 A09 170 170 142 146 352 354 121 121 237 237 334 334 192 192 215 215 
IN-1 A10 168 170 138 142 352 356 119 123 237 243 332 332 194 198 205 215 
IN-1 A11 170 172 138 140 352 352 121 123 227 245 332 332 184 192 209 215 
IN-1 A12 166 170 140 144 354 354 113 123 241 243 332 332 184 192 205 207 
IN-1 B01 170 172 138 142 354 354 113 121 237 241 332 338 194 210 213 215 
IN-1 B02 170 172 128 142 352 356 119 119 237 243 332 332 188 188 205 213 
IN-1 B03 170 172 140 140 352 352 119 123 237 241 332 342 192 298 207 219 
IN-1 B04 170 170 128 142 354 356 121 123 237 245 332 332 194 202 207 215 
IN-1 B05 168 176 138 142 352 356 119 121 243 245 332 334 202 202 207 213 
IN-1 B06 166 170 140 146 352 352 121 123 243 245 332 342 192 198 215 215 
IN-1 B07 170 174 140 142 352 356 121 121 237 239 332 332 194 202 205 215 
IN-1 B08 168 172 138 142 352 356 121 121 237 243 332 334 194 202 213 215 
IN-1 B09 172 172 128 142 354 354 121 121 237 241 332 342 188 266 205 205 
IN-1 B10 174 174 138 140 352 352 121 121 237 245 332 332 198 202 197 215 
IN-1 B11 166 172 140 144 352 354 113 121 245 245 332 342 206 206 213 215 
IN-1 B12 170 172 140 146 352 356 121 121 241 243 332 332 192 198 215 215 
IN-1 C01 170 184 126 140 352 354 121 121 237 241 332 332 188 194 213 215 
IN-1 C02                                 
IN-1 C03 168 168 130 142 352 352 119 121 241 247 332 332 192 202 215 219 
IN-1 C04 170 182 138 142 352 354 121 121 223 237 332 332 184 194 215 215 
IN-1 C05 166 172 138 140 352 356 119 121 237 241 330 332 192 202 205 211 
IN-1 C06 166 180 140 140 352 352 119 121 241 243 332 332 194 202 215 219 
IN-1 C07 170 170 140 142 352 354 113 121 239 241 332 334 192 210 205 215 
309 
 
IN-1 C08 170 170 140 142 352 354 121 123 237 245 332 334 164 188 205 215 
IN-1 C09 170 184 140 142 352 354 119 123 245 245 332 332 180 188 213 213 
IN-1 C10 170 174 142 142 350 352 117 121 239 243 332 342 188 198 213 215 
IN-1 C11 170 172 138 142 354 354 113 121 239 243 332 332 192 198 215 215 
IN-1 C12 170 184 126 126 352 352 119 121 237 241 332 332 188 194 213 215 
IN-1 D01 170 172 128 142 352 354 113 123 241 245 332 332 194 308 207 207 
IN-1 D02                                 
IN-1 D03 170 172 142 142 352 354 113 115 239 241 332 342 198 206 197 215 
IN-1 D04 170 172 142 142 352 354 121 125 243 243 332 348 192 298 207 215 
IN-1 D05 172 172 138 140 352 356 119 121 237 243 332 332 198 206 197 215 
IN-1 D06 166 170 142 142 352 356 113 121 237 241 332 332 188 192 205 205 
IN-1 D07 166 170 142 144 352 354 121 121 237 243 332 332 194 194 207 217 
IN-1 D08 170 170 128 128 354 354 121 121 241 241 334 334 188 188 205 205 
IN-1 D09 170 172 140 144 352 354 119 125 237 237 332 332 194 198 215 217 
IN-1 D10 170 172 138 142 354 354 121 123 241 247 332 332 194 194 207 215 
IN-1 D11 170 176 140 142 352 352 113 117 241 245 332 344 192 198 215 215 
IN-1 D12 170 170 146 146 352 352 121 121 237 239 332 332 188 202 197 205 
IN-1 E01 170 176 142 142 352 352 117 121 237 237 332 332 192 198 213 215 
IN-1 E02 170 170 144 144 352 352 121 121 239 243 332 332 188 194 215 219 
IN-1 E03 166 170 128 140 354 358 119 121 237 243 332 334 188 210 213 215 
IN-1 E04 170 170 142 144 352 352 109 121 237 239 332 332 188 194 207 215 
IN-1 E05 170 172 140 142 352 354 121 121 237 243 330 332 172 194 205 215 
IN-1 E06 170 170 128 142 352 356 113 115 237 245 332 332 184 192 205 207 
IN-1 E07 166 174 140 142 352 356 115 123 243 247 332 332 184 184 205 205 
IN-1 E08 170 172 128 140 352 356 121 121 237 243 332 334 194 194 207 215 
310 
 
IN-1 E09 170 174 124 124 352 352 119 123 235 237 332 332 194 202 205 211 
IN-1 E10 170 174 140 140 352 356 121 121 237 239 332 332 180 192 203 219 
IN-1 E11 172 172 128 140 352 352 113 121 237 241 334 342 194 198 215 215 
IN-1 E12 170 170 140 142 352 352 121 123 237 239 332 332 188 192 205 217 
IN-1 F01 166 170 140 144 352 356 115 121 243 245 332 332 184 184 205 205 
IN-1 F02 166 170 138 142 352 356 121 123 235 245 332 336 188 192 205 205 
IN-1 F03 166 170 140 142 352 354 121 123 237 243 332 332 198 202 205 215 
IN-1 F04 170 170 128 142 352 354 109 121 239 243 328 332 194 206 211 215 
IN-1 F05 170 170 140 142 352 354 121 121 239 243 332 332 188 206 197 205 
IN-1 F06 168 172 138 142 350 352 113 121 241 243 332 338 184 194 207 213 
IN-1 F07 170 170 138 142 352 354 113 121 239 241 332 332 188 192 205 205 
IN-1 F08 172 174 142 142 350 354 119 125 237 237 332 332 188 192 205 205 
IN-1 F09 170 172 128 130 352 352 115 123 239 243 332 332 188 188 205 215 
IN-1 F10 170 170 138 146 350 356 123 125 245 245 332 332 188 210 197 205 
IN-1 F11 170 170 128 128 354 354 121 121 243 247 332 332 194 198 211 215 
IN-1 F12 170 170 140 142 352 354 121 121 237 239 332 332 194 226 205 211 
IN-1 G01 170 170 140 142 352 356 113 121 241 243 334 342 194 194 205 215 
IN-1 G02 170 170 128 142 352 354 119 119 237 237 332 332 188 192 205 207 
IN-1 G03 170 174 140 146 352 352 119 123 243 243 332 332 172 176 205 215 
IN-1 G04 168 184 126 130 352 352 117 125 239 245 332 342 184 198 211 215 
IN-1 G05 170 170 140 142 350 352 121 123 237 241 332 342 188 198 205 215 
IN-1 G06 172 172 138 142 354 354 121 123 237 245 332 334 198 286 207 207 
IN-1 G07 170 172 132 140 352 352 119 121 237 241 332 342 194 324 207 207 
IN-1 G08 172 176 142 142 350 354 119 121 237 243 332 332 188 194 205 205 
IN-1 G09 170 174 142 144 350 352 113 121 239 241 332 344 188 202 205 215 
311 
 
IN-1 G10 170 174 128 146 354 354 121 121 237 243 332 332 192 202 215 215 
IN-1 G11 172 174 138 140 356 356 123 123 237 239 332 332 188 194 205 215 
IN-1 G12 170 174 142 142 354 356 121 121 241 241 332 332 194 202 211 215 
IN-1 H01 170 170 140 142 352 352 121 123 237 237 332 332 194 210 215 219 
IN-1 H02 170 170 140 142 352 354 113 123 241 251 332 342 192 194 215 215 
IN-1 H03 170 172 130 142 352 356 121 121 243 243 332 332 194 198 211 215 
IN-1 H04 172 174 142 142 354 358 121 121 237 237 332 332 192 192 205 207 
IN-1 H05 172 176 138 144 352 356 119 121 237 241 332 332 192 194 205 207 
IN-1 H06 172 172 138 140 356 356 121 121 237 237 332 332 188 206 205 211 
IN-1 H07 170 172 140 142 352 358 121 121 241 245 332 332 192 194 211 215 
IN-1 H08 172 172 142 144 350 352 121 121 239 243 332 342 188 188 205 205 
IN-1 H09 170 172 128 130 352 354 113 121 237 241 332 334 192 194 205 215 
IN-1 H10 170 172 140 142 352 356 121 123 237 237 332 334 188 198 205 215 
IN-1 H11 170 174 140 140 352 352 119 123 241 245 332 342 198 198 215 215 
IN-1 H12 170 172 140 142 354 354 111 119 237 253 332 332 188 202 205 211 
No. of homozygous samples 67 71 139 93 65 187 44 77 
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CH-1 A01      272 272 313 313 236 242 317 319 388 398   4 9 
CH-1 A02 272 280 317 317 242 244 319 319 394 400   5 8 
CH-1 A03 272 272 313 313 240 242 317 319 388 392   5 8 
CH-1 A04 272 272 313 313 238 244 319 319 390 396   7 6 
CH-1 A05 272 278 313 317 238 238 319 319 392 396   6 7 
CH-1 A06 272 284 317 317 238 244 315 317 386 392   4 9 
CH-1 A07 272 284 313 313 238 238 317 319 386 398   7 6 
CH-1 A08 278 282 317 317 238 242 317 319 388 390   3 10 
CH-1 A09 272 282 313 317 248 248 319 319 392 392   5 8 
CH-1 A10 266 272 313 313 242 244 319 319 392 394   4 9 
CH-1 A11 282 286 317 317 238 238 317 319 388 394   4 9 
CH-1 A12 272 282 313 317 238 242 317 319 386 398   3 10 
CH-1 B01 272 284 317 325 222 238 317 319 386 392   3 10 
CH-1 B02 272 286 313 313 238 238 317 317 386 386   7 6 
CH-1 B03 272 282 313 317 232 240 319 319 382 394   3 10 
CH-1 B04 272 272 313 317 240 242 317 319 388 394   4 9 
CH-1 B05 282 284 317 317 238 238 317 317 386 386   6 7 
CH-1 B06 272 274 313 317 238 242 317 319 388 394   4 9 
CH-1 B07 272 272 313 313 236 242 319 319 390 396   7 6 
CH-1 B08 272 272 313 313 240 240 317 319 382 398   6 7 
CH-1 B09 272 278 313 317 238 240 319 319 390 392   4 9 
313 
 
CH-1 B10 272 282 317 325 236 244 319 319 390 392   6 7 
CH-1 B11 272 272 313 317 238 244 317 319 386 392   3 10 
CH-1 B12 272 284 313 317 238 242 317 319 388 392   1 12 
CH-1 C01 272 282 317 324 238 242 317 319 386 398   1 12 
CH-1 C02 272 272 313 313 238 244 317 319 388 394   4 9 
CH-1 C03 272 272 313 313 240 248 319 319 396 396   5 8 
CH-1 C04 272 272 313 325 238 242 317 319 380 398   5 8 
CH-1 C05                     male     
CH-1 C06 272 272 313 317 238 242 319 319 384 392   3 10 
CH-1 C07 274 282 313 317 236 238 317 319 388 394   2 11 
CH-1 C08 272 272 313 313 242 242 317 319 384 394   6 7 
CH-1 C09 272 282 313 321 238 242 317 319 382 384   3 10 
CH-1 C10 272 272 313 313 242 246 319 319 394 396   6 7 
CH-1 C11 272 282 317 317 242 242 319 319 392 400   5 8 
CH-1 C12 280 282 317 317 238 238 317 319 386 396   7 6 
CH-1 D01 272 272 313 317 242 244 319 319 392 394   6 7 
CH-1 D02 282 282 317 317 238 248 317 319 386 394   5 8 
CH-1 D03 272 272 313 313 238 242 319 319 392 396   6 7 
CH-1 D04                     male     
CH-1 D05                     male     
CH-1 D06 284 286 313 317 238 238 317 317 386 386   8 5 
CH-1 D07 272 272 313 313 242 242 319 319 388 398   5 8 
CH-1 D08 272 272 313 317 240 244 319 319 384 394   6 7 
CH-1 D09 272 282 313 317 238 242 317 319 384 386   0 13 
CH-1 D10 280 282 313 317 238 238 317 317 386 388   6 7 
314 
 
CH-1 D11 272 272 313 321 222 242 319 319 392 394   7 6 
CH-1 D12 272 282 313 317 242 246 317 319 388 394   4 9 
CH-1 E01 272 282 313 317 242 248 317 321 384 390   3 10 
CH-1 E02 282 288 317 317 238 238 317 319 386 398   4 9 
CH-1 E03 272 272 313 317 242 242 319 319 388 392   4 9 
CH-1 E04                     contamination     
CH-1 E05                     male     
CH-1 E06 274 284 313 317 238 244 317 319 386 394   1 12 
CH-1 E07                     contamination     
CH-1 E08 274 282 313 317 238 238 317 317 386 388   6 7 
CH-1 E09 272 280 317 317 242 248 319 321 394 398   3 10 
CH-1 E10 272 284 313 317 242 242 319 321 396 400   4 9 
CH-1 E11 272 272 313 313 240 242 319 319 392 398   5 8 
CH-1 E12 272 284 313 317 236 236 319 319 396 398   5 8 
CH-1 F01 272 282 313 317 238 244 319 319 394 394   5 8 
CH-1 F02 274 274 313 317 240 242 317 319 384 394   4 9 
CH-1 F03                     male     
CH-1 F04 282 282 317 317 236 242 319 319 392 392   10 3 
CH-1 F05 272 284 317 317 240 242 319 319 392 394   4 9 
CH-1 F06 272 282 313 321 242 242 319 319 384 398   3 10 
CH-1 F07                     male     
CH-1 F08 272 274 313 313 238 242 317 319 388 402   4 9 
CH-1 F09 272 272 313 317 240 242 319 319 394 394   6 7 
CH-1 F10 272 272 313 313 236 240 319 319 392 398   5 8 
CH-1 F11 272 282 313 317 238 240 317 319 384 396   3 10 
315 
 
CH-1 F12 272 282 313 317 240 242 319 319 394 400   3 10 
CH-1 G01 272 278 313 317 238 242 317 319 388 394   3 10 
CH-1 G02 272 272 313 317 240 242 319 319 384 396   5 8 
CH-1 G03                     contamination     
CH-1 G04 272 272 313 313 242 242 319 319 392 396   6 7 
CH-1 G05 272 272 313 313 238 240 317 319 386 392   7 6 
CH-1 G06 272 272 313 321 222 242 319 319 384 394   5 8 
CH-1 G07 272 272 313 317 242 242 319 319 394 398   6 7 
CH-1 G08 272 272 313 317 238 242 319 319 388 390   8 5 
CH-1 G09 272 272 313 313 238 238 317 321 386 392   5 8 
CH-1 G10 272 282 313 317 236 244 319 319 396 398   5 8 
CH-1 G11 272 272 317 325 240 242 319 319 398 400   6 7 
CH-1 G12 272 272 313 317 238 242 319 319 384 396   7 6 
CH-1 H01 272 280 313 317 242 244 319 319 384 394   4 9 
CH-1 H02 272 284 313 317 236 238 317 317 386 388   6 7 
CH-1 H03 272 274 313 317 238 242 317 319 388 398   4 9 
CH-1 H04 272 272 313 313 240 242 319 319 392 398   6 7 
CH-1 H05 266 272 313 313 240 242 319 319 390 394   6 7 
CH-1 H06 272 272 313 324 236 238 317 319 386 392   5 8 
CH-1 H07 278 280 317 317 238 248 319 321 394 394   5 8 
CH-1 H08 272 272 313 313 240 244 319 319 392 394   4 9 
CH-1 H09 272 282 313 317 238 242 319 319 392 396   5 8 
CH-1 H10 272 272 313 313 222 244 319 319 394 394   6 7 
CH-1 H11 274 282 313 317 238 238 317 317 386 388   4 9 
CH-1 H12 270 284 313 317 238 242 317 319 388 392   2 11 
316 
 
ML-1 A01      276 282 317 317 242 244 315 319 386 394   2 11 
ML-1 A02 272 274 313 313 242 242 319 319 390 390   9 4 
ML-1 A03 272 272 313 317 242 242 317 319 388 402   7 6 
ML-1 A04 272 274 313 313 238 238 317 319 388 390   3 10 
ML-1 A05 272 280 313 317 244 248 317 321 390 394   3 10 
ML-1 A06 272 274 313 313 238 242 317 319 390 390   5 8 
ML-1 A07 270 272 313 317 240 242 319 319 388 390   3 10 
ML-1 A08 272 272 313 317 242 242 319 319 392 396   7 6 
ML-1 A09 272 272 313 313 238 242 319 319 390 392   5 8 
ML-1 A10 272 272 313 313 240 242 317 319 382 392   5 8 
ML-1 A11 272 272 313 313 238 242 317 319 382 386   5 8 
ML-1 A12 266 272 313 313 242 242 319 319 394 398   6 7 
ML-1 B01 272 272 313 313 238 242 319 319 390 394   3 10 
ML-1 B02 272 282 313 321 240 240 317 319 386 392   3 10 
ML-1 B03 272 272 313 313 238 238 317 319 386 394   7 6 
ML-1 B04 272 282 313 317 236 242 317 319 390 394   1 12 
ML-1 B05 272 282 313 317 238 240 317 317 382 388   3 10 
ML-1 B06 272 272 313 313 242 242 317 319 388 390   5 8 
ML-1 B07 272 272 313 317 238 242 319 319 392 396   5 8 
ML-1 B08 278 278 313 317 236 236 317 319 386 396   4 9 
ML-1 B09 272 272 313 313 242 242 319 319 388 394   6 7 
ML-1 B10 272 272 313 317 242 242 317 319 388 394   7 6 
ML-1 B11                     contamination     
ML-1 B12 272 284 313 317 238 242 317 319 384 386   3 10 
ML-1 C01 272 284 313 317 242 244 319 319 386 396   4 9 
317 
 
ML-1 C02 272 284 317 317 238 242 317 319 386 392   4 9 
ML-1 C03 272 272 313 313 238 242 317 317 388 388   5 8 
ML-1 C04 272 272 313 313 238 242 319 319 392 392   7 6 
ML-1 C05 272 282 309 317 238 242 319 319 390 398   4 9 
ML-1 C06 272 272 313 313 238 240 317 319 382 394   3 10 
ML-1 C07 272 272 313 313 242 242 319 319 388 390   9 4 
ML-1 C08 268 272 313 313 240 242 319 319 390 400   3 10 
ML-1 C09 272 272 313 313 238 240 317 319 388 390   5 8 
ML-1 C10 272 282 313 317 240 242 319 319 392 402   4 9 
ML-1 C11 270 272 313 317 242 244 319 319 392 402   5 8 
ML-1 C12 272 280 313 317 238 242 317 321 386 392   2 11 
ML-1 D01 282 284 317 317 238 242 317 319 386 392   4 9 
ML-1 D02 272 272 313 317 240 242 319 319 390 398   3 10 
ML-1 D03 272 282 313 317 238 242 317 321 386 392   2 11 
ML-1 D04 272 282 313 317 238 242 317 319 384 398   3 10 
ML-1 D05 272 282 309 317 238 242 319 319 392 398   3 10 
ML-1 D06 272 282 313 317 238 238 319 321 386 398   2 11 
ML-1 D07 272 272 313 317 238 242 317 319 382 394   6 7 
ML-1 D08 274 282 309 317 242 244 319 319 386 398   2 11 
ML-1 D09                     contamination     
ML-1 D10 276 282 313 317 234 238 317 319 388 396   3 10 
ML-1 D11 266 272 313 321 236 240 317 317 388 392   6 7 
ML-1 D12 272 272 313 313 242 244 317 319 392 396   5 8 
ML-1 E01 272 272 313 313 238 242 317 319 386 390   3 10 
ML-1 E02 272 282 313 321 240 246 317 319 384 388   1 12 
318 
 
ML-1 E03 280 282 317 317 238 244 317 319 386 386   7 6 
ML-1 E04 274 284 313 317 240 242 319 321 392 394   1 12 
ML-1 E05 272 272 313 317 238 242 319 319 390 394   6 7 
ML-1 E06 270 272 313 313 236 242 317 319 388 390   5 8 
ML-1 E07 266 272 317 321 236 238 319 319 394 396   4 9 
ML-1 E08 282 284 317 317 236 242 317 319 386 396   5 8 
ML-1 E09 272 282 313 317 238 242 317 319 388 392   2 11 
ML-1 E10 272 282 313 317 240 242 317 319 382 398   2 11 
ML-1 E11 272 272 313 313 236 244 317 317 388 390   7 6 
ML-1 E12 272 282 313 317 238 242 319 319 394 398   6 7 
ML-1 F01 272 284 313 317 238 238 317 317 386 386   6 7 
ML-1 F02 272 272 313 313 240 242 317 319 386 390   6 7 
ML-1 F03 272 272 309 313 238 238 317 319 386 394   3 10 
ML-1 F04 272 282 317 317 242 244 319 319 386 396   3 10 
ML-1 F05 272 284 313 317 242 246 319 319 390 392   5 8 
ML-1 F06 272 272 317 317 240 242 317 319 382 394   7 6 
ML-1 F07 272 272 313 313 240 242 317 319 386 390   6 7 
ML-1 F08 272 272 313 317 238 242 317 319 386 390   2 11 
ML-1 F09 272 278 313 317 242 242 319 323 394 400   5 8 
ML-1 F10 272 272 313 313 238 240 319 319 396 400   5 8 
ML-1 F11                     male     
ML-1 F12 272 272 313 313 234 242 317 319 386 394   5 8 
ML-1 G01 272 272 313 321 222 238 319 319 394 394   5 8 
ML-1 G02 272 282 313 317 238 244 319 319 386 394   2 11 
ML-1 G03 272 272 313 313 242 244 317 319 384 392   5 8 
319 
 
ML-1 G04 272 272 313 317 238 244 319 319 390 392   6 7 
ML-1 G05 272 272 313 313 238 244 319 319 388 390   7 6 
ML-1 G06 272 272 313 313 242 242 317 319 388 392   6 7 
ML-1 G07 272 272 313 313 240 240 317 319 386 392   6 7 
ML-1 G08 266 272 313 321 238 242 317 319 384 386   3 10 
ML-1 G09 272 272 313 317 240 242 317 319 386 392   2 11 
ML-1 G10 272 272 313 313 238 242 317 319 386 386   3 10 
ML-1 G11 272 278 313 317 240 242 319 319 390 396   5 8 
ML-1 G12                     contamination     
ML-1 H01                     contamination     
ML-1 H02 272 282 313 317 242 244 319 319 386 396   2 11 
ML-1 H03 272 272 313 321 242 242 319 319 388 396   6 7 
ML-1 H04 272 272 317 325 242 244 319 319 392 396   8 5 
ML-1 H05 282 282 317 317 242 242 319 321 398 398   7 6 
ML-1 H06 272 280 313 317 242 242 317 319 384 388   3 10 
ML-1 H07 272 284 313 317 238 242 317 317 386 392   3 10 
ML-1 H08 272 282 313 317 236 238 317 319 388 398   4 9 
ML-1 H09 272 272 313 321 242 242 319 319 394 400   4 9 
ML-1 H10 272 272 313 313 242 244 319 319 398 402   7 6 
ML-1 H11 278 282 317 317 240 242 317 319 384 394   3 10 
ML-1 H12 272 280 313 317 238 238 317 317 386 388   4 9 
IN-1 A01      282 282 313 317 236 238 317 317 386 386   5 8 
IN-1 A02 272 274 313 317 242 242 319 319 390 394   4 9 
IN-1 A03 272 282 313 317 238 242 317 319 372 394   4 9 
IN-1 A04 284 284 317 317 238 238 317 319 386 394   6 7 
320 
 
IN-1 A05 268 274 313 313 242 246 319 319 390 394   5 8 
IN-1 A06 272 272 313 313 242 242 317 319 386 390   5 8 
IN-1 A07 272 282 313 317 236 242 317 319 388 394   4 9 
IN-1 A08 272 278 313 317 238 240 317 319 386 394   0 13 
IN-1 A09 272 280 313 317 238 242 317 319 384 390   6 7 
IN-1 A10 276 280 313 317 238 242 317 319 386 394   1 12 
IN-1 A11 272 276 313 313 234 240 317 319 382 392   3 10 
IN-1 A12 282 284 317 317 238 242 319 319 392 398   4 9 
IN-1 B01 270 272 313 313 242 242 319 319 392 394   4 9 
IN-1 B02 272 282 317 317 242 242 319 319 390 392   6 7 
IN-1 B03 266 272 313 321 238 238 319 319 384 392   4 9 
IN-1 B04 272 282 313 317 236 238 317 317 386 388   3 10 
IN-1 B05 266 272 313 321 238 244 317 319 388 390   1 12 
IN-1 B06 272 272 313 317 244 244 317 319 392 398   4 9 
IN-1 B07 272 282 313 317 240 242 317 319 386 390   2 11 
IN-1 B08 272 274 313 317 240 242 315 319 394 398   1 12 
IN-1 B09 282 284 317 317 238 240 317 319 382 392   5 8 
IN-1 B10 260 272 309 313 232 242 319 319 384 390   5 8 
IN-1 B11 272 272 313 317 238 242 317 319 386 394   3 10 
IN-1 B12 274 274 313 317 242 244 319 319 392 396   5 8 
IN-1 C01 272 272 313 317 238 244 319 319 388 388   5 8 
IN-1 C02                     contamination     
IN-1 C03 272 272 313 317 242 248 319 319 390 390   6 7 
IN-1 C04 272 272 313 313 242 244 319 319 390 394   6 7 
IN-1 C05 272 282 313 317 238 242 319 319 392 396   1 12 
321 
 
IN-1 C06 272 272 313 313 238 242 317 319 388 392   5 8 
IN-1 C07 272 282 313 317 238 238 319 319 386 388   3 10 
IN-1 C08 272 282 313 317 238 238 317 317 386 386   4 9 
IN-1 C09 272 272 313 313 238 246 317 317 386 386   7 6 
IN-1 C10 272 272 313 313 244 244 319 319 394 394   6 7 
IN-1 C11 272 272 313 313 238 240 319 319 394 398   6 7 
IN-1 C12 272 272 317 317 238 242 319 319 388 390   6 7 
IN-1 D01 266 282 317 321 238 242 317 319 386 390   2 11 
IN-1 D02                     contamination     
IN-1 D03 258 274 309 313 232 244 319 319 384 392   2 11 
IN-1 D04 266 272 313 325 238 242 317 319 384 386   2 11 
IN-1 D05 258 272 313 313 232 238 317 317 382 384   4 9 
IN-1 D06 282 282 317 317 238 242 317 321 382 398   5 8 
IN-1 D07 272 282 317 317 238 240 317 319 386 392   4 9 
IN-1 D08 282 282 317 317 238 238 319 319 392 392   13 0 
IN-1 D09 272 272 313 313 238 242 319 319 390 394   5 8 
IN-1 D10 266 282 313 321 238 242 317 317 386 386   5 8 
IN-1 D11 272 272 309 313 244 244 319 319 392 400   5 8 
IN-1 D12 258 280 309 317 232 236 317 319 384 386   5 8 
IN-1 E01 272 272 313 317 242 242 317 319 386 394   6 7 
IN-1 E02 272 272 313 317 236 244 317 319 388 406   6 7 
IN-1 E03 272 272 313 313 242 242 319 319 390 396   4 9 
IN-1 E04 272 282 313 317 238 240 317 321 386 386   4 9 
IN-1 E05 272 284 317 321 242 242 319 319 394 396   3 10 
IN-1 E06 282 282 317 317 234 234 317 319 386 392   5 8 
322 
 
IN-1 E07 282 282 313 317 238 238 317 317 386 388   6 7 
IN-1 E08 272 282 313 317 238 240 317 319 386 394   2 11 
IN-1 E09 272 280 313 317 238 242 317 319 386 390   3 10 
IN-1 E10 272 282 313 317 238 246 317 319 386 398   3 10 
IN-1 E11 272 272 313 313 236 244 317 319 390 398   5 8 
IN-1 E12 276 282 313 317 238 242 317 317 386 386   5 8 
IN-1 F01 278 284 317 317 236 238 313 317 386 394   4 9 
IN-1 F02 282 282 317 317 238 244 317 319 386 386   4 9 
IN-1 F03 272 280 313 317 238 238 317 317 386 388   3 10 
IN-1 F04 272 272 313 317 238 242 317 319 382 392   2 11 
IN-1 F05 258 280 309 317 232 238 317 319 384 386   3 10 
IN-1 F06 272 282 313 317 236 240 317 317 384 390   1 12 
IN-1 F07 282 284 317 317 236 240 317 319 386 392   4 9 
IN-1 F08 282 282 317 321 238 240 317 319 390 396   5 8 
IN-1 F09 272 282 313 317 238 238 319 319 386 392   5 8 
IN-1 F10 258 282 309 321 232 238 317 319 386 388   3 10 
IN-1 F11 272 272 313 313 236 242 317 319 386 392   7 6 
IN-1 F12 272 282 313 317 242 242 317 319 384 392   4 9 
IN-1 G01 272 282 313 317 238 240 317 319 390 392   2 11 
IN-1 G02 282 282 317 317 238 238 317 317 386 386   9 4 
IN-1 G03 272 280 321 321 238 242 317 319 386 394   4 9 
IN-1 G04 272 272 313 317 234 240 319 321 388 390   2 11 
IN-1 G05 274 282 317 321 238 240 317 319 386 398   1 12 
IN-1 G06 266 282 317 321 238 242 317 319 386 394   3 10 
IN-1 G07 266 282 317 321 238 242 317 319 386 394   2 11 
323 
 
IN-1 G08 282 282 317 317 238 240 319 321 394 394   6 7 
IN-1 G09 272 280 313 317 238 244 317 319 386 392   0 13 
IN-1 G10 272 274 313 313 238 242 317 319 386 392   5 8 
IN-1 G11 272 282 313 317 242 242 317 319 384 396   4 9 
IN-1 G12 272 272 313 313 240 244 319 321 386 392   6 7 
IN-1 H01 272 272 313 313 238 242 317 319 390 390   7 6 
IN-1 H02 272 274 313 313 240 242 317 319 392 398   3 10 
IN-1 H03 272 272 313 313 242 242 319 319 390 392   7 6 
IN-1 H04 280 282 317 317 238 238 317 319 386 392   7 6 
IN-1 H05 282 282 317 317 238 244 317 319 384 392   3 10 
IN-1 H06 272 282 313 317 238 238 317 317 388 390   7 6 
IN-1 H07 272 272 313 313 234 238 317 319 386 396   4 9 
IN-1 H08 280 284 317 317 238 238 317 319 386 392   6 7 
IN-1 H09 272 282 313 317 238 244 319 319 394 394   2 11 
IN-1 H10 272 282 313 317 236 246 317 319 388 388   2 11 
IN-1 H11 272 272 317 317 240 240 319 319 394 396   8 5 
IN-1 H12 272 282 313 317 238 242 319 319 392 394   3 10 
No. of homozygous samples 118 116 73 129 35       




Table S9. Allele frequency distributions of thirteen markers flanking the FMR1 gene in three populations (N=272).  
FXS146320 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
146 0.001838 146 0.005747 146 0.000000 146 0.000000 
152 0.001838 152 0.000000 152 0.005495 152 0.000000 
160 0.001838 160 0.005747 160 0.000000 160 0.000000 
162 0.003676 162 0.005747 162 0.005495 162 0.000000 
164 0.007353 164 0.017241 164 0.005495 164 0.000000 
166 0.191176 166 0.252874 166 0.258242 166 0.069149 
168 0.038603 168 0.040230 168 0.027473 168 0.047872 
170 0.387868 170 0.316092 170 0.362637 170 0.478723 
172 0.222426 172 0.183908 172 0.225275 172 0.255319 
174 0.066176 174 0.063218 174 0.049451 174 0.085106 
176 0.045956 176 0.074713 176 0.032967 176 0.031915 
178 0.005515 178 0.005747 178 0.010989 178 0.000000 
180 0.005515 180 0.005747 180 0.005495 180 0.005319 
182 0.005515 182 0.000000 182 0.010989 182 0.005319 
184 0.007353 184 0.000000 184 0.000000 184 0.021277 
186 0.005515 186 0.017241 186 0.000000 186 0.000000 




Table S9. Continued 
FXS146374 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
116 0.001838 116 0.000000 116 0.000000 116 0.005319 
124 0.003676 124 0.000000 124 0.000000 124 0.010638 
126 0.007353 126 0.000000 126 0.000000 126 0.021277 
128 0.073529 128 0.045977 128 0.076923 128 0.095745 
130 0.040441 130 0.040230 130 0.054945 130 0.026596 
132 0.005515 132 0.000000 132 0.010989 132 0.005319 
134 0.003676 134 0.005747 134 0.005495 134 0.000000 
136 0.018382 136 0.045977 136 0.005495 136 0.005319 
138 0.152574 138 0.166667 138 0.192308 138 0.101064 
140 0.189338 140 0.172414 140 0.142857 140 0.250000 
142 0.419118 142 0.454023 142 0.434066 142 0.372340 
144 0.045956 144 0.028736 144 0.043956 144 0.063830 
146 0.027574 146 0.005747 146 0.032967 146 0.042553 
148 0.005515 148 0.017241 148 0.000000 148 0.000000 
150 0.001838 150 0.005747 150 0.000000 150 0.000000 




Table S9. Continued 
DXS998 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
340 0.005515 340 0.005747 340 0.010989 340 0.000000 
350 0.023897 350 0.005747 350 0.021978 350 0.042553 
352 0.639706 352 0.712644 352 0.703297 352 0.510638 
354 0.152574 354 0.109195 354 0.093407 354 0.250000 
356 0.154412 356 0.155172 356 0.137363 356 0.170213 




Table S9. Continued 
FXS146706 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
109 0.005515 109 0.005747 109 0.000000 109 0.010638 
111 0.003676 111 0.000000 111 0.000000 111 0.010638 
113 0.044118 113 0.017241 113 0.005495 113 0.106383 
115 0.023897 115 0.017241 115 0.021978 115 0.031915 
117 0.058824 117 0.063218 117 0.093407 117 0.021277 
119 0.097426 119 0.063218 119 0.104396 119 0.122340 
121 0.566176 121 0.557471 121 0.615385 121 0.526596 
123 0.156250 123 0.218391 123 0.115385 123 0.138298 
125 0.038603 125 0.051724 125 0.032967 125 0.031915 




Table S9. Continued 
FXS146782 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
223 0.001838 223 0.000000 223 0.000000 223 0.005319 
227 0.001838 227 0.000000 227 0.000000 227 0.005319 
233 0.009191 233 0.017241 233 0.005495 233 0.005319 
235 0.009191 235 0.000000 235 0.016484 235 0.010638 
237 0.295956 237 0.298851 237 0.269231 237 0.319149 
239 0.055147 239 0.028736 239 0.021978 239 0.111702 
241 0.158088 241 0.132184 241 0.148352 241 0.191489 
243 0.268382 243 0.298851 243 0.324176 243 0.186170 
245 0.156250 245 0.195402 245 0.148352 245 0.127660 
247 0.033088 247 0.028736 247 0.049451 247 0.021277 
249 0.003676 249 0.000000 249 0.010989 249 0.000000 
251 0.003676 251 0.000000 251 0.005495 251 0.005319 
253 0.001838 253 0.000000 253 0.000000 253 0.005319 




Table S9. Continued 
DXS548 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
326 0.001838 326 0.005747 326 0.000000 326 0.000000 
328 0.007353 328 0.005747 328 0.010989 328 0.005319 
330 0.011029 330 0.022989 330 0.000000 330 0.010638 
332 0.823529 332 0.873563 332 0.829670 332 0.771277 
334 0.112132 334 0.091954 334 0.148352 334 0.095745 
336 0.001838 336 0.000000 336 0.000000 336 0.005319 
338 0.003676 338 0.000000 338 0.000000 338 0.010638 
340 0.003676 340 0.000000 340 0.005495 340 0.005319 
342 0.029412 342 0.000000 342 0.005495 342 0.079787 
344 0.003676 344 0.000000 344 0.000000 344 0.010638 




Table S9. Continued 
FXS147120 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
164 0.001838 164 0.000000 164 0.000000 164 0.005319 
172 0.047794 172 0.080460 172 0.054945 172 0.010638 
176 0.001838 176 0.000000 176 0.000000 176 0.005319 
180 0.005515 180 0.000000 180 0.005495 180 0.010638 
184 0.034926 184 0.022989 184 0.021978 184 0.058511 
188 0.163603 188 0.103448 188 0.186813 188 0.196809 
192 0.172794 192 0.206897 192 0.148352 192 0.164894 
194 0.181985 194 0.178161 194 0.153846 194 0.212766 
198 0.148897 198 0.166667 198 0.148352 198 0.132979 
202 0.108456 202 0.086207 202 0.148352 202 0.090426 
204 0.003676 204 0.000000 204 0.010989 204 0.000000 
206 0.071691 206 0.103448 206 0.076923 206 0.037234 
208 0.003676 208 0.005747 208 0.000000 208 0.005319 
210 0.031250 210 0.028736 210 0.032967 210 0.031915 
218 0.005515 218 0.011494 218 0.005495 218 0.000000 
226 0.003676 226 0.005747 226 0.000000 226 0.005319 
266 0.001838 266 0.000000 266 0.000000 266 0.005319 
286 0.001838 286 0.000000 286 0.000000 286 0.005319 
298 0.003676 298 0.000000 298 0.000000 298 0.010638 
308 0.001838 308 0.000000 308 0.000000 308 0.005319 
310 0.001838 310 0.000000 310 0.005495 310 0.000000 
324 0.001838 324 0.000000 324 0.000000 324 0.005319 
331 
 
Table S9. Continued 
DXS731 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
197 0.011029 197 0.000000 197 0.000000 197 0.031915 
201 0.007353 201 0.011494 201 0.010989 201 0.000000 
203 0.003676 203 0.000000 203 0.005495 203 0.005319 
205 0.262868 205 0.281609 205 0.214286 205 0.292553 
207 0.051471 207 0.022989 207 0.016484 207 0.111702 
209 0.027574 209 0.034483 209 0.043956 209 0.005319 
211 0.068015 211 0.086207 211 0.049451 211 0.069149 
213 0.143382 213 0.149425 213 0.214286 213 0.069149 
215 0.378676 215 0.356322 215 0.412088 215 0.367021 
217 0.029412 217 0.051724 217 0.021978 217 0.015957 




Table S9. Continued 
FXS147174 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
258 0.009191 258 0.000000 258 0.000000 258 0.026596 
260 0.001838 260 0.000000 260 0.000000 260 0.005319 
266 0.023897 266 0.011494 266 0.021978 266 0.037234 
268 0.003676 268 0.000000 268 0.005495 268 0.005319 
270 0.009191 270 0.005747 270 0.016484 270 0.005319 
272 0.582721 272 0.609195 272 0.670330 272 0.473404 
274 0.042279 274 0.051724 274 0.027473 274 0.047872 
276 0.009191 276 0.000000 276 0.010989 276 0.015957 
278 0.022059 278 0.028736 278 0.027473 278 0.010638 
280 0.038603 280 0.034483 280 0.027473 280 0.053191 
282 0.196691 282 0.166667 282 0.142857 282 0.276596 
284 0.053309 284 0.068966 284 0.049451 284 0.042553 
286 0.005515 286 0.017241 286 0.000000 286 0.000000 




Table S9. Continued 
FXS147197 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
309 0.018382 309 0.000000 309 0.021978 309 0.031915 
313 0.529412 313 0.540230 313 0.593407 313 0.457447 
317 0.393382 317 0.402299 317 0.335165 317 0.441489 
321 0.044118 321 0.022989 321 0.043956 321 0.063830 
324 0.003676 324 0.011494 324 0.000000 324 0.000000 




Table S9. Continued 
FXS147217 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
222 0.009191 222 0.022989 222 0.005495 222 0.000000 
232 0.012868 232 0.005747 232 0.000000 232 0.031915 
234 0.012868 234 0.000000 234 0.010989 234 0.026596 
236 0.056985 236 0.063218 236 0.049451 236 0.058511 
238 0.321691 238 0.321839 238 0.263736 238 0.377660 
240 0.117647 240 0.120690 240 0.126374 240 0.106383 
242 0.347426 242 0.327586 242 0.439560 242 0.276596 
244 0.090074 244 0.086207 244 0.087912 244 0.095745 
246 0.014706 246 0.011494 246 0.010989 246 0.021277 




Table S9. Continued 
DXS1215 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
313 0.001838 313 0.000000 313 0.000000 313 0.005319 
315 0.005515 315 0.005747 315 0.005495 315 0.005319 
317 0.336397 317 0.281609 317 0.324176 317 0.398936 
319 0.625000 319 0.683908 319 0.631868 319 0.563830 
321 0.029412 321 0.028736 321 0.032967 321 0.026596 




Table S9. Continued 
FXS147275 
Combined Average CH ML IN 
Allele Frequency Allele Frequency Allele Frequency Allele Frequency 
372 0.001838 372 0.000000 372 0.000000 372 0.005319 
380 0.001838 380 0.005747 380 0.000000 380 0.000000 
382 0.027574 382 0.017241 382 0.038462 382 0.026596 
384 0.058824 384 0.074713 384 0.038462 384 0.063830 
386 0.200368 386 0.137931 386 0.186813 386 0.271277 
388 0.110294 388 0.120690 388 0.126374 388 0.085106 
390 0.110294 390 0.045977 390 0.148352 390 0.132979 
392 0.159926 392 0.172414 392 0.142857 392 0.164894 
394 0.156250 394 0.195402 394 0.126374 394 0.148936 
396 0.069853 396 0.091954 396 0.076923 396 0.042553 
398 0.073529 398 0.103448 398 0.071429 398 0.047872 
400 0.018382 400 0.028736 400 0.021978 400 0.005319 
402 0.009191 402 0.005747 402 0.021978 402 0.000000 




Table S10. Polymorphism and informativeness assessment of thirteen markers flanking the FMR1 gene in each population (N=272). 
Microsatellite 
CH ML IN 
Alleles PIC He Ho Alleles PIC He Ho Alleles PIC He Ho 
FXS146320 14 0.762 0.790 0.816 12 0.706 0.746 0.791 9 0.650 0.690 0.660 
FXS146374 12 0.700 0.729 0.724 10 0.713 0.742 0.714 12 0.744 0.772 0.777 
DXS998 6 0.419 0.456 0.425 6 0.447 0.476 0.440 5 0.592 0.645 0.596 
FXS146706 9 0.592 0.630 0.621 8 0.560 0.587 0.670 9 0.646 0.675 0.681 
FXS146782 7 0.726 0.764 0.701 10 0.742 0.775 0.780 13 0.770 0.797 0.798 
DXS548 5 0.214 0.228 0.230 5 0.259 0.289 0.308 10 0.370 0.389 0.394 
FXS147120 12 0.845 0.861 0.816 13 0.850 0.865 0.868 19 0.841 0.857 0.830 
DXS731 9 0.725 0.759 0.724 10 0.695 0.733 0.703 10 0.721 0.755 0.723 
FXS147174 10 0.563 0.591 0.563 10 0.501 0.525 0.527 12 0.650 0.690 0.606 
FXS147197 5 0.450 0.545 0.575 5 0.452 0.533 0.560 5 0.505 0.591 0.585 
FXS147217 9 0.726 0.761 0.736 9 0.670 0.711 0.747 9 0.721 0.755 0.713 
DXS1215 4 0.377 0.452 0.437 5 0.409 0.495 0.549 5 0.420 0.522 0.585 
FXS147275 12 0.857 0.870 0.885 11 0.863 0.876 0.901 12 0.826 0.843 0.830 
 
 
